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PRODUCTION OF MATERIALS WITH DIELECTRIC PROPERTIES
FOR NEUROSTIMULATOR

ABSTRACT

Besides the fact that the foundations of neurophysiology and electrophysiology
dating back to a hundred years ago, neurostimulation usage in illness or symptomatic
cures began provoking thoughts after the second world war. As known, the fact that
nerve cells carrying information from one side of the nerve system to the other is an
electrical phenomenon. ’Action potential” which occurs and transmitted from in nerve
cells membrane via ion channel play the leading role in this phenomenon. Any change
in action potential creates a domino effect making nerve cells transmit the change from
one to the other via synapsis. Nerve cells prepare itself to answer any forthcoming call
by keeping ion channels active and normalizing action potential. Neurostimulators,
which works when such a normalization system is out of order are becoming more and

more important.

It is said that there have been successful attempts around the world in
neurostimulator way of cures with a 70% success ratio compared with chemical
medication. Therefore, the design and production phase of neurostimulators are also
in key role when it comes to performance. The key factor when identifying action
potential created by neurostimulator is the electrical capacity and dielectric constant

of related material.

The main purpose of this project is to choose necessary material to maximize the
performance of neurostimulator. In addition, the other purpose is, by using sol gel
production method to cover semiconductive wafers with aluminum oxide, titanium
oxide, polymethyl methacrylate and polyvinyl alcohol and to understand structural,

microstructural, electrical and morphological characterization of those materials.

Keywords: Sol gel, neurostimulator, dielectric constant semi conductive



NOROSTIMULATOR iCIiN DIELEKTRIK OZELLIKLERE SAHIP
MALZEME URETIMI

0z

Norofizyoloji ve elektrofizyolojinin temellerinin atilmasi bir ylizy1l geriye
gidebilmekle birlikte, néromodiilasyon ile hastalik ya da semptomik tedaviler ikinci
diinya savasindan sonra merak uyandirmaya baglamistir. Bilindigi iizere sinir
hiicrelerinin, sinir sistemimizin bir tarafindan diger tarafina bilgi tasimasi “elektriksel”
bir fenomendir. Sinir hiicresi membraninda iyon kanallar1 vasitasiyla olusan ve iletilen
“aksiyon potansiyeli” bu elektriksel fenomenin olusumunda temel rol oynar. Aksiyon
potansiyelindeki degisiklik, domino tasi etkisiyle sinir hiicresinden, bir diger sinir
hiicresine “sinapslar” yoluyla akatarilir. Sinir hiicresi, iyon kanallar1 aktif olarak
calistirilarak, aksiyon potansiyelini hizla normalize ederek bir sonraki uyartiya kendini
hazir eder. Iste viicutta bu normalizasyon sisteminin islemedigi durumlara ¢oziim

olarak iiretilen néromodulatorler son donemde dnemini iyice artirmistir.

Diinyada néromodiilatorler ile yapilan tedavilerde, kimyasal ilaclara gore daha iyi
sonu¢ alindig, yiizde yetmislere varan tedavi basari oranina kadar ulasildig:
belirtilmistir. Dolayisiyla iretilen noéromodiilatérlerin tasarim ve {iretimi de
performansinda etkileyici rol oynamaktadir. Noromodiilatorlerin yaratacagi akstiyon
potansiyelini belirleyen en onemli faktdr ise elektrik kapasitedir ve bunun igin

secilecek malzemenin dielektrik katsayisi rol oynamaktadir.

Bu calisma, iiretilecek olan néromodiilatoriin performansini en iist seviye de tutmak
i¢in kullanilacak malzelerin se¢imi {izerinedir. Sol-jel yontemi ile aliiminyum oksit,
titanyum oksit, polimetilmetakrilat ve polivinil alkolii yariiletken waferlar iizerine

kaplanmistir ve bu malzemelerin karakterizasyonlari gergeklestirilmistir.

Anahtar Kelimeler: Sol-gel, ndrostimulator, dielektirik katsayisi, yar1 iletken



CONTENTS

Page

THESIS EXAMINATION RESULT FORM ..o i
ACKNOWLEDGEMENTS ..ottt ii
ABSTRACT .ottt b bbb b 1\
OZ oottt v
LIST OF FIGURES ... .ottt X
LIST OF TABLES ..o Xiii
CHAPTER ONE- INTRODUCTION. . c.ittuiiieinreiierarrsesasssscnsssssassssssnnes 1
I 7T 31T - | ST 1
1.2 Organization Of The TRESIS ........cccuiiiiiieiee e 5
CHAPTER TWO- THEORETICAL BACKGROUND...ccccttttiieteneecenrennne 7
2.1 NeUroStMUIALION ......ocueiiiiiiicieee e e 7
2.1.1 Principle of NeuroStimulation.............ccccocviiiiieie e, 7

2.1.2 Usage Area of Neurostimulation .............cccccevveiiiiciecie e, 8

2.1.3 Electrical Dimension of Neurostimulators and Correlation Between

DICIECIIIC CONSIANT ..ottt ee e e e e e e e eeeeereeeees 10

2.1.4 Material Selection Based On Electrical Dimension of Neurostimulators

and DieleCtric CONSLANT.........cccvriiriiieiesee e 11

2.1.5 Neurostimulator Design And Produce SYStems ..........ccccooveverineneeieenn. 12
2.2 SOI-GEl MELNOM ..o 14
2.2.1 Steps of Sol-Gel Method ..o 15
2.2. L. L HYArOIYSIS ..ottt 18
2.2.1.2 CONABNSALION. ...ttt 19
2.2.1.3 POIYMEIISAION ...c.vviiiicciie ettt 20

Vi



2.2 0.4 GelatiON ... 22

2.2.1.5 AGING .ttt e 23

2.2. 1.6 DIYING .t 24
2.2.1.7 SINEEIING ...ttt 27

2.3 SPIN COBLING ...ttt bbbt 27
2.3.1 Spin Coating General TNEOIY .......c.cccvevieiieiecesee e 27
2.3.2 Description of Spin Coating ProCESS .........coivevveiieeieiiieieerie e see e see e 28
2.3.3 Spin Coating Thickness EQUatioN............cccoveeiieeneiiie e 29
CHAPTER THREE- EXPERIMENTAL. ... 32
3.1 PUIPOSE OF TRESIS ...vviiiieiiieic ettt 32
B2 IMALEITAIS ... 33
3.2.1 Substrate Preparation .........c.covevererenenesesesiseeee et 33
3.2.1.1 Silicon Single Cyrtal GrOWING.........ccoovvirerieieieie e, 33
3.2.1.2 Silicon Ingot SHCING PrOCESS ......ccovviiiiiiiiiiiieieee e 34
3.2.1.3 Lapping&Polishing ProCess.........ccoviiiiiiiiiiicieie e, 35
3.2.1.4 Silicon Ingot CUutting ProCESS.........coeiiiiriiieieiere e 36

3.2.2 SOIULION Preparation .........ccccceveierenieiesie et 39
3.2.2.1.Preparing of Metal Oxide Groups Samples ........c.ccccevvveveiieveenene. 39
3.2.2.2 Preparing of Polymer Groups Samples........cccccveveveeieeveiieveeciene 39

3.2.3 SPIN COALING ...oveevieiticcie ettt esreereens 40
3.2.3.1 Spin Coating Process for Metal Oxide Groups.......c.cccceeevvevveenenne. 40
3.2.3.2 Spin Coating Process for Polymer Groups .........ccccceeveevveivieevineenne 40

3.2.4 Heat TreatMeNT .......ccooiviiiiiieiic s 42
3.3 CharaCteriZatiON.........ccueivirieiiisii sttt 45

vii



3.3.1 Solution CharaCteriZation ...........eeeeeeee e 45

3.3.1.1 PR MEASUICIMENT.......eevieniiiiie ittt 45
3.3.1.2 Turbidity MEaSUIEMENT..........cceieriiiieieiie e 46
3.3.1.3 CoNtaCt ANQGIE ...ocveieeieieee e s 46
3.3.1.4 Fourier Transform Infrared Spectropy.............cooevviiiiiiiinninn. 46
3.3.2 Materials CharaCterization...........ccooevereiinieninieie e 47

TGA) ettt ettt 47

3.3.2.2 X-Ray DiffraCtoOmeter ..........cccveviiieiieeie e 48
3.3.2.3 Scanning Electron Microscopy (SEM) .........cccceveiieiecie i 49
3.3.2.4 DieleCtric MeasUremMeNT........ccccoueierreriiinesieieee e 50
CHAPTER FOUR- RESULT AND DISCUSSION....cccttittieiiniineianrinncnnnnnn. 52
4.1 SOIULION RESUIES.....ooiiieie s 52
411 PH RESUILS ..ot 52
4.1.2 TUrbitidy RESUILS ......oooviiiiiiecie e 52
4.1.3 Wettability RESUILS.........cceiiiiieic e 53
4.1.3.1 Determination of The Contact Angle of Metal Oxide Sample......... 53
4.1.3.1 Determination of The Contact Angle of Polymer Sample............... 54

4.2 Materials Process Optimization............cceceeieieenieciie e 55

4.2.1 Differential Thermal Analysis-Thermal Gravimetric Analysis (DTA-TGA)

.............................................................................................................. 55

4.2.2 Fourier Transform Infrared Spectropy (FTIR) .....cocoovviiiniiiiiiieiene 57
4.2.2.1 FT-IR Analysis for Metal OXide Group........ccccoeereiereneninienneennen, 58
4.2.2.1 FT-IR Analysis for Polymer Group ........ccccooevenereneieneniseeee, 61

4.3 PNASE ANAIYSIS.....c.eiiiiiiiiieie e 62

viii



4.3.1 Phase Analysis for Metaloxide Samples............cccooereniiininiininiineenn 63

4.3.2 Phase Analsis for Poylmer Samples ... 64

4.4 Microstructure Analysis / Energy Dispersive X-ray Spectroscopy (EDS) ..... 65
4.4.1 Microstructure Properties of Metal Oxide Groups..........ccoceevvvrvevenenn. 66

4.4.2 Microstructure Properties of Polymer Groups.........ccccoevevenineniniennenn 68

4.5 DIElECIIIC PrOPEITIES ....vveivieeie ettt 69
4.5.1 Dielectric Properties of Metal Oxide Groups.........ccceoevveeieeriesieesvesnenes 69

4.5.2 Dielectric Properties of Polymer Groups.........ccccocevvevesiieieesesee e 70
CHAPTER FIVE- CONCLUSION AND FUTURE PLANS.....cccctvtveininennnnn. 73
5.1 GeNEral RESUITLS.......cviiiiiiiiiie ittt 73
5.2 FULUIE PIANS ...ttt sttt nne s 74
REFERENCES. ..cuitiiiiiiiiiiiiiiiiiiiiiiitiitittietiesateetasatetsssasessssasnssssnn 75



LIST OF FIGURES

Page
Figure 2.1 Part of sending aerial for neurostimulator design.............ccccccevveveieennenn, 12
Figure 2.2 Part of receiving aerial for neurostimulator design ..........ccccccevvevveieennenn. 12

Figure 2.3 Neurostimulator and lead systems used for spinal cord stimulation to treat
chronic pain. The Itrel 3 and the Synergy are neurostimulators. The Synergy

EZ is a patient programmer. Including percutaneous leads (top) and surgical

[eads (DOLLOM). ..c..eiieieiee e s 13
Figure 2.4 HYdrolySIiS PrOCESS........coueiiiiriiiieieieie ettt 18
Figure 2.5 Condensation of olation and oXalation.. ..........ccccceeererininnienncsic e, 19

Figure 2.6 (a) The structure of acid catalyst mechanism (b) The structure of basic

catalyst MECANISM.........cooiiiiececce e 20
Figure 2.7 POIYMETIZALION ........coeiviiiiiiiiiieeiee s 21
FIQUIE 2.8 GRIALION. ... .oiiiiiiiiciee s 23
Figure 2.9 Four distinct stages to SPin COAtING.......cccvcvveiieiiecieceeee e 28

Figure 2.10 Drop casting slowly without rotation is a good way to provide highly

ordered films at the nanoscale but at the expense of uniformity across the

SUDSTFALE. ...ttt ne e 29
Figure 3.1 PVA Tepla Czochralski single crystal ingot and wafer.............cc.ccocveueee. 34
Figure 3.2 STX-1202 slicing device and SliCINg ProCESS ........ccccvvevveviereerieeieseenan, 35
Figure 3.3 Slide silicon ingot 1apping ProCeSS ........coveveieeiieeieseeie e 36
Figure 3.4 Lapping and polishing process parameters...........ccceoererenenenesnnieeinenns 36
Figure 3.5 1x1 cm and 2x2 cm samples for CUtting ProCess ..........cccoeeererereneennenns 37
Figure 3.6 (a) 2x2 cm and (b) 1x1 cm cutting wafers..........cccocevveviiieiecvecc e, 37
Figure 3.7 SEM results fOr PUre Si........cccccveiiiiiiicce e 37
Figure 3.8 EDS results fOr PUIE Si.......cccooiiiiiiiiieie e 38
Figure 3.9 XRD pattern fOr PUIE Si........ccocoiieiiiiiiiisie e 38
Figure 3.10 Flowchart for prepation of metal oxide samples ...........ccccevvevieiieiieenenn, 39
Figure 3.11 Spin rate/time schedule for metal oxide groups .........cccceeveeviveiieevneenne. 40
Figure 3.12 Spin rate/time schedule for PVA ... 41
Figure 3.13 Spin rate/time schedule for PMMA ... 41



Figure 3.14 Protherm (metal oxide group) and Niive MF120 oven (polymer) for

NEALING PrOCESSES......c.eitiiiitiite ettt 42
Figure 3.15 Heat treatment for TiO2 of metal 0Xide group ........cccoeevererenennnennnnnn 43
Figure 3.16 Heat treatment for Al.O3 of metal oXxide group ........cccoveveivneiiniennnnn 43
Figure 3.17 Dehydration regimes fOr PVA ..o 44
Figure 3.18 Dehydration regimes for PMMA ... 44
Figure 3.19 HANNA HI83141 PH MeLer.....cc.ccoiiieei et 45
Figure 3.20 VELP TB1 turbidimetry ........ccooeiieiiieiisie e 46
Figure 3.21 Thermo Scientific NicOIet iS10 ........ccoiiiiiiieiiiieeeree e 47
Figure 3.22 PerkinElmer STA 6000 Model Differential Thermal Analysis-Thermal

(©] 1Y/ 111 YRR 48
Figure 3.23 X-Ray DiffraCtion ..........cccccoeiiiiiiiiciiese e 49
Figure 3.24 Novocontrol Alpha-N High Resolution Dielectric Analyzer ................. 50
Figure 3.25 Dielectric iHUSLration ... 51
Figure 4.1 Al203 solution contact angle..........coovreiiieiininisie e 54
Figure 4.2 TiO2 solution contact @ngle ..........coevereiiiiieniseeeiee e 54
Figure 4.3 PVA solution contact angle ..........cccooeiiiiiiiiiiiesce e 55
Figure 4.4 PMMA solution contact angle ... 55
Figure 4.5 DTA-TG result for Al203 precursor SOlUtion............ccccceveriieneieniiennenn 56
Figure 4.6 DTA-TG result for TiO2 precursor SOIUtioN ........ccccceveverenciienesieieens 57
Figure 4.7 FT-IR result Al,03 metal 0Xide pPreCursor .........ccooeveereveneneseseeeeeens 58
Figure 4.8 FT-IR result for calcined Al203.........ccoviiiiiiiiiiicee e 59
Figure 4.9 TiOz precursor metal 0xXide SOIULION .........ccccvviiiiiiiiiieieese e 60
Figure 4.10 CalCined TiO2 ....cvevieiiiiiiieiisisieie et 60
Figure 4.11 PVA FTIR analysis in air atmosphere ..........cccccveveveeieiie v, 61
Figure 4.12 PMMA FTIR analysis in air atmosphere...........cccceovvenenciinennneens 62
Figure 4.13 XRD pattern of Al2Ozthin film ... 63
Figure 4.14 XRD pattern of TiO2thin film ... 64
Figure 4.15 XRD pattern PMMA thin film..........cccooiiiiiiiii 64
Figure 4.16 XRD pattern of PVA thin film ... 65
Figure 4.17 EDS result for AlO3thin film ... 66
Figure 4.18 EDS result for TiO2thin film.........ccoooiiiiiiii e, 66

Xi



Figure 4.19 SEM result with depicted 1000x (a) and depicted 5000x (b) for TiO.... 67
Figure 4.20 SEM result with depicted 1000x (a) and depicted 5000x (b) for Al>Os3. 67

Figure 4.21 a) PVA 500x, b) PVA 5000x; ¢) PMMA 500x, d) PMMA 5000X......... 68
Figure 4.22 Permittivity of Al,Ozthin film........ccoocoiiiiii 69
Figure 4.23 Permittivity of TiO2 thin film ... 70
Figure 4.24 Permittivity Of PVA ..o 71
Figure 4.25 Permittivity Of PMIMA ........c.ooiiiii e 72
Figure 4.26 Design of neurostimulator SYStem ...........ccccvvevievieriene e 72

xii



LIST OF TABLES

Page
Table 2.1 Target areas in neurostimulation.............cccocevie i, 9
Table 2.2 The best designing parameters for neurostimulators ..............cccccceevenenen. 10
Table 3.1 Silicon single Crystalling ............ccooieiiiieiiec e 33
Table 3.2 The numerical result of Si single crystal...........cccoeviiiiiiiniiee e 34

Xiii



CHAPTER ONE
INTRODUCTION

1.1 General

Neurostimulators; in the context of this thesis were used as electronic systems that
provide neurotic activation and inhibitation inside the body through a signal which was
created between necessary frequency gaps, via an energy system that may be inner or

outer.

Neurostimulators, that are implanted inside the body, may be in shape of a battery
provide adequate sustainable energy for 5-10 years or may be in a form of a battery
that can be charged outside. These well-known systems have well-known

technologies.

In the context of this thesis, the emphasis was given on design and manufacture
process of implantable neurostimulator systems, substructure material production for
configuring electricity, determining characteristic features and estimation of electric
performance. Dielectric constant that was used to determine electric features and
performance related frequency gap effects were researched. Thus, how to enhance the
performance of long-known neurostimulators via various materials usage was

understood.

In order to select a standard neurostimulator to implant inside the body, the
emphasis was given to a silicon (SiO;) based material selection which is semi-
conductive and applicable coating selection so as to create an electronic.

In addition to these coatings, components to modulate on device are a receiver coil,
rectifier diode, capacitor and a constant current field electric transistor for stimulation.
Having stimulation electrode coated with palladium, gold or platinum, that are
compatible with the human body and having those in monopole form is of great

importance for human body. Stimulation parameters, on the other side, may be placed



as an adjustable system with RF power transmit on unite. On the top of the factors that
determine neuromodulator performance that host electrical and component system
comes applied signal the semi-conductive plate that host components to carry the

signal and the thin film coating that the plate has.

In the context of this thesis coating materials, coating those materials on silicon via
sol-gel method and performances of achieved products were researched and compared.
Semi-conductive the silicon material to coat and materials used for were chosen among
metal oxide and polymer group. The method and analyses of the thesis were
determined in the light of thesis made around the world on this subject among the
reasons why the analyses conducted on this issue were made in the light of those thesis,
is that materials needed to produce neurostimulators belong to metal oxide and

polymer groups.

By selecting two different materials amount two different groups, their usage areas,
both inside and outside their groups, dielectric features, processes were compared.
Titanium oxide and aluminium oxide from metal oxide group, polyvinyl alcohol and
polymethylmethacrylate from polymer group were chosen for this analyses. Single
crystal ingot which was created with PVA Tepla Czochralski single crystal growing
device, silicon wafer on sol-gel and the thin film via spin coating method (described
by Chapter 2) were constituted. Comparing literature values with thin film
performances and characterisation, optimisation and electronic appropriateness of the
structure and its performance were identified. The performance of coatings and
component addition on them to make them ready for neurostimulator usage were
targeted. As a result of those analyses, characteristic features and optimize values will
show that the materials are useable for neurostimulator production and dielectric

measurement value show the performance.

Lots of examples are available in the world literature about this system. In the
literature part of this thesis, firstly neurostimulator structure and then creating
substructure of it were benefitted from. After that the sol-gel method, which is used

for creating those substructure materials, immediately after metal oxide and polymer



based materials that were produced to use for coating, material characterization

dielectric measurement was utilised.

Rise (2000) who is among those, in his thesis on neurostimulators, demonstrated
examples on simple working principles of neurostimulators, their usage in biophysics
field, the necessary electronic configuration of the device and other implantable
samples. At the heart of this thesis, performance parameters of the device which is
responsible for activation and passivation of nerve cells were taken a neurostimulators

has to have as:

‘Reduced to its simplest form, a neurostimulator consists of a power supply, i.e., a
battery, a pair of electrodes in contact with the tissue, extension wires to connect the
electrodes to the battery, and a switch that enables the power to be intermittently
connected to the electrodes.... Conventionally, there are two types of electrode
configurations, referred to as monopole and bipolar stimulation. Of course, for current
to flow it is necessary that there be two electrodes, a positive anode and a negative
cathode. Monopole stimulation, then, refers to an electrode configuration that includes
an electrode of a relatively small surface area located near or in the nervous tissue to
be stimulated. This electrode is typically the negative electrode or cathode for reasons
described later in this work. The positive electrode has a larger surface area and is
located remote to the stimulation target” Rise (2000).

Another literature research about neurostimulator is that Parpura et al. (2012) have
published an article entitled *’Neuromodulation: selected approaches and challenges’’.
In this review can be summarized that selected approaches and challenges in
neuromodulation and then the use of water-dispersible carbon nanotubes has been
proven effective in the modulation of neurite outgrowth in culture and in aiding
regeneration after spinal cord injury in vivo. Having this analyses as a guide, one of
the coating material was chosen as polymer group. Neurologically it was envisioned
that polymer coating would suit well when working principles of brain, nerve and
muscle taken into account during the integration process of electronic circuit in order

to make sure the circuit is working well with the body. “’Toxicity is less likely to be



of such grave concern when the carbon nanotubes/nanofibers are attached to electrodes
and are coated with a conducting polymer of proven safety in vivo, such as polypyrrole
or polyimide.”” Parpura et al. (2012). Thus, in this context of this thesis, PVA and
PMMA which were chosen from polymer group, and electronic performance of

coating material were studied.

In the other working group, again one of the most studied group, the metal oxide
group, was studied. In addition to semi-conductive plate which is necessary for
neurostimulator, it is possible to add components on modulation electrically by thin
film structure. In the literature, among thin film coating techniques, the sol gel method

constitutes lots of various techniques in terms both polymer and metal-oxide group.

Guglielmi (1997) has studied about ‘’Sol-Gel Coatings on Metals’’. In this study
sol-gel derived films can be deposited on metals to improve their resistance to

oxidation and corrosion or to modify their surface properties.

However, usual applications are limited by problems intrinsic to sol-gel processing
or specific of coating/metal systems. An important aspect of the application of the sol-
gel method for coating metallic objects is also the deposition technique. Result of this
researching for sol gel is that it gives general processing about sol gel and also related
problems with sol gel.

Other important studies on thin film manufacture through sol-gel techniques are,
Kazemi & Mohammadizadeh (2012) have published ‘’Simultaneous improvement of
photocatalytic and super hydrophilicity properties of nano TiO; thin films’” and Ruys
& Mai (1999) have entitled “’The nanoparticle-coating process: a potential sol—gel
route to homogeneous nanocomposites’” and also especially important study is that
Brinker & Scherer (1990) have published their books ** Sol-Gel Science’” and also
Innocenzi, Zub & Kessler (2008) have edited ’Sol-Gel Methods for Material
Processing’’. Especially in these studies are focused sol-gel method and its processing

system.



1.2 Organization of The Thesis

The purpose of this thesis is to produce the semi conductive silicon wafer which is
necessary for designing and producing the device that periodically stimulate the
muscles inside the body by stimulating applied frequencies on the device and adjusting
necessary electronic components called neurostimulator on it. Besides, thin film
coating and determining characteristically features of these coating was also aimed.
Hence, evaluating electrical performance of produced coating material and comparing
experiment groups with each other aimed as well. So as to complete this study, it was
planned to produce the material by using sol-gel and spin coating techniques and then
to compare the two groups, that was determined as polymer and metal-oxide,
according to their dielectric result. According to these estimations, designing and

producing parameters of neurostimulator will be determined.

Accordingly, in the first part of thesis organization, emphasis was given on
neurostimulator systems, context of the thesis and consecutive analysis, experiments

and results.

In the second part literature support was given for creating neurostimulator
structure, extensive research on these stimulators production techniques used in

creating structure like sol-gel and spin coating.

In Chapter Three, emphasis was given on semi-conductive plate manufacture
according to theoretical sub-structure, the experiments conducted on these semi-
conductive plates for creating thin film (Al.O3, TiO2 metal oxide group and PVA,
PMMA polymer group) by sol-gel and spin coating techniques devices we used and

production prescription, heat treatments, characterization and optimization.

In Chapter Four, emphasis was given the results obtained from empirical studies
and interpreting them. The semi-conductive silicon that we need for neurostimulator

production and appropriateness of coating material for production were examined and



then by dielectrical estimation, performance results were obtained and their levels of
applicability were compared.

In chapter five, propositions, studies and plans that this thesis may enlighten were

mentioned.



CHAPTER TWO
THEORETICAL BACKGROUND

2.1 Neurostimulation

The recuperation of illnesses stemming from nerve transmission as they cannot
renew themselves, is harder than other illnesses of organs. Along with not having a
full curative effect, chemical triggering of nerve cells which work with electrical
stimulation, may cause to deterioration right after you stop medication. Replacing
chemical medication with neurostimulator recently has been more curative and has

been increasing the chance of recuperation.

2.1.1 Principle of Neurostimulation

Transmitting information from one side of the nerve system to the other side is a
system which leans on electrical axis and action potential which is created thanks to
the nerve cell membrane ions create the roots of this electrical event. Any change in
action potential is transmitted through nerve cells via synapsis. As a result, nerve cells
use ion channels, make them work actively, normalize action potential and get ready
for the next phase.

If electrode is placed near nerve cells and a special outer tension is applied, the
tension in nerve cell membrane activates sensitive ion channels and changes action
potential of nerve cell. This change may cause a nerve activation through changing
action potential of other nerve cells via synapsis. The opposite of this process is also
right: another special tension on electrodes may block created action potential

transmission from one cell to the other. This is called nerve inhibition.

The process of placing electrodes in, on the surface or near the anatomical elements
which constitutes central or environmental nerve systems and creating activation or

inhibition via a special tension from those electrodes is called neurostimulator. Along



with achieved neurostimulator effect the probability of curing the leading nerve system
maladies like Parkinson’s or spiral card injuries and secondary nerve system
malfunctions like migraine or neuropathic may become possible (Peckham et al.,
2005).

2.1.2 Usage Area of Neurostimulation

While the roots of neurophysiology and electrophysiology dates back to a hundred
years ago, symptomatic or illness remedies started provoking thoughts right after the
Second World War. The first successful application in this field has been the heart
battery device called “’peacemaker’’. Deep brain stimulators like the ones which are
placed on spinal system to cure pain and Parkinson’s disease has also been other

successful applications.

The material choice of production of neurostimulators, which constitutes the basis
of this research, depends according to usage area. In addition to this, according to
implantation processes, to create a specific nerve trigger, there has been frequency
gaps. These frequencies have to be designed according to implant area and
neurostimulation process should be conducted.

A typical implantable neurostimulator device consists of an electrode-cable system
inside related nerve system and battery-electronic circuit tanks. Electrodes are

implanted with a surgical operation.

The tank part is put inside a pocket under the skin. (No part is left above the skin).
For this reason, there may sometimes be big and risky operations around brain, face

cavities, neck, chest cavity, abdomen pelvic and pubic.

Some well-known target areas and medical justification in neurostimulator is shown
in table (Table 2.1). New nerve stimulation and remedies are added every year. There
has also been some influx in medical usage. The neurostimulator market in USA has
raised to 2 billion $ from 500 million $ between 2005-2010. In USA market, these



devices are traded around 15.000-30.000% (except hospital expenditures) (Panescu,

2008).

Table 2.1 Target areas in neurostimulation (Panescu, 2008).

PLACE

INDICATION

Spinal Cord

Pain Relief

Brain Basal Ganglia’s

Parkinson’s and similar illnesses

Vagal Nerve

Epilepsy, Migraine, Depression

Phrenic Nerve

Respiration Paralysis

Occipital Nerve

Headache, Migraine

Sphenopalatine Ganglia

Paralysis, Vasospasm, Migraine

Otic Ganglia

Migraine

Hypoglossal Nerve

Snoring, Sleep apnea syndrome

Gastric Nerves

Morbid obesity, lazy stomach

Sacral Nerves

Urinary/Gaita incontinence

Pudendal Nerve

Urinary/Gaita incontinence

Cochlear Nerve

Deafness

Arm/Leg Nerves

Paralysis related inactivity

Implantable neurostimulators has developed technologically during the last 10-15
years. The main reason for this is to reduce surgical operations during implantation

and risks to comfort patients.

Another reason for this is that the number of neurostimulator usage in medical
operations and its curative efficiency in illnesses are rising steadily and swiftly. Since
high-tech implantable neurostimulators are operated effectively with outer RF energy

transfer systems these days, they reached tinier levels (Panescu, 2008).



2.1.3 Electrical Dimension of Neurostimulators and Correlation Between Dielectric
Constant

When choosing parameters, frequencies that let nerves transmit electrical signal
must be chosen. The stimulating parameters must be chosen accordingly with the
situation and anatomy of the patient that will be stimulated. To make his reality,
neurostimulators should be designed adjustable. In other words, a design which is
programmable from outside should be created.

While choosing design criteria, using MICS (Medical Implant Communication
Service) frequencies is of primary importance. Making the communication between
remote control and stimulator device with an implanted tool on human body
necessitates it to be on a harmless radiation level not to harm the patient. In this respect,
while choosing communication components in designing phase, frequencies that suits
MICS frequency standards and materials that are harmless must be chosen.

Neurostimulator designing parameters are given in Table 2.2 with all requirements.

Table 2.2 The best designing parameters for neurostimulators (Hannan et al., 2014; Olivo, 2011; Tucker,
2011; Yuan, 2011)

Signal Type Frequency Pulse Stimulate Current Voltage Power
(mA) V) (mw)
Type
Signals to be 0-200 Hz Square Pulse and 0.1-5 1-5 0.1-25
transmitted to Width
the nerves

Index given in Table 2.1 (Hannan et al.,2014; Olivo, 2011; Tucker, 2011; Yuan,
2011) covers the necessary features of control part and stimulating part of
neurostimulator. Stimulating frequency is the frequency stimulating signal which is
transmitted to electrodes. Pulse type means the pulse type that is supposed to be

produced by remote control.
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There may be several different stimulation choices. Because the least expensive is
the PWM, it is added to the bests table. Current constant, tendency constant and the
amount of power, which are supposed to be transmitted via electrodes to tissue, were
also given in the table 1-20 Hz signal is needed to make nerves activated through

human tissue. 20-200 Hz frequency indexes are used to make nerves de-activated.

These parameters must be kept, changing from person to person. That’s why the
designed neurostimulators must be in such a condition that it can be controlled outside

with a remote control whenever it is wanted.

The characteristic features of human tissue are very important. Generally, the
impedance of human tissue per millimetre changes between 600-1200 Q (Hannan et
al., 2014).

2.1.4 Material Selection Based On Electrical Dimension of Neurostimulators and

Dielectric Constant

When an outer electrical field is applied to the material, and if the material saves
energy after that, it is classified as “’dielectric’’. Dielectric constant, shows how much
energy is saved in outer electrical field and how much energy is lost inside the material
when it is under the effect of a field. Dielectric constant of the material is an amount

that reduces the electrostatic power between two electrical charge (Gover, 1996).

Dielectric materials don’t transmit electric. However, they are affected by applied
electrical field. Under the effect of electrical field, electrons and atoms switch places.
Because of this, electrical load centres change and electrical polarization occurs.

The occurred electrical dipolar, provides the electrical charge accumulation on
dielectric material surface. That’s why they are used in capacitor production. The
reason why they are used as dielectric is that they block charge transfer in electric
circuit (Erdogan, 1997).
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2.1.5 Neurostimulator Design and Produce Systems

The electrical configuration that standard neurostimulators must have are;
oscillator, controller, modular, empowered and transmitter circuit system (Figure 2.1)
and electrode, capacitor, filter, DC battery and demodulator system that make neurotic

stimulation to the patient via receiver circuit system.

Osilator Controller

Modulator

Enpowered

Aerial system

Transmitting aerial

Figure 2.1 Part of sending aerial for neurostimulator design

RF waves applied from outside, designed in order to stimulate nerves when it is
implanted inside the body from transmitter circuit to receiver circuit. In the systems
with battery, received signal is fortified with noise in fortifier, before demodulation.
By filtering and demodulating, strike figure that is produced in transmitter is
maintained. In systems that are powered through air, the received signal from the

antenna directly transformed into DC tension via rectifier and is filled into capacitor.

Rec?lvmg Enpowered Filter Demodulator
Aerial )
v

)
Capacitor '
Feedback ‘
[ DC Batery Circuit '@
Patient
—

Figure 2.2 Part of receiving aerial for neurostimulator design
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Parallel, signal is strengthened with obtained power and is prepared for the next
phases. After filtering and demodulation, process is conducted like the systems with
battery (Figure 2.2) (Hannan et al., 2014).

While PWD is transmitted through electrodes to tissue electrode driving circuit
must be designed to retreat the load that is transmitted to the body, in order not to harm
the tissue. Electrode must be produced from harmless materials like platin, titanium.

The material that we use an electrical configuration was chosen as silicon single
crystal, a semi-conductive material. Si wafers are preferred because of their features
such as electrical transmission during device production, load storage, load transfer.
Coating applied on silicon wafer prepares the right environment for neurostimulator

production. Sol-gel method is the one used most in creating that coating (Yuan, 2011).

Ultimately, the materials used in electronic design of neurostimulator are prepared
and the design is conducted accordingly with usage area and working principle. Figure
2.3 is a picture of the group of neurostimulator products used to treat chronic pain and
includes pictures of the different styles of surgical leads available and the leads are flat
and paddle shaped, with four or more electrodes located on the spinal cord side of the
paddle (Rise, 2000).

Figure 2.3 Neurostimulator and lead systems used for spinal cord stimulation to treat chronic pain. The
Itrel 3 and the Synergy are neurostimulators. The Synergy EZ is a patient programmer. Including

percutaneous leads (top) and surgical leads (bottom) (Rise, 2000).
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2.2 Sol-Gel Method

In the context of this research, polymer and based two materials were chosen from
the group that we were planning to coat our semi-conductive wafers with. In order to
produce these materials with sol-gel method, the sol-gel method must be understood

profoundly first.

The sol-gel method is a wet chemical technique that uses metal alkoxides for the
synthesis of ceramics through a series of chemical processes including hydrolysis,
gelation, drying, and thermal treatment (Metroke, 2001; Livage, Beteille, Roux et al.,
1998). The metal alkoxides are subjected to the hydrolysis. A mixture of water, alcohol
and hydrochloric acid are added into the precursor metal alkoxides mixture by drop
wise. The hydrolysis reaction of metal alkoxides with water in the presence of HCI
catalyst takes place that produce hydroxide of precursors (Znaidi, 2010; Livage,
Beteille, Roux et al., 1998).

A sol is defined as a colloidal of solid particles suspended in liquid. A gel, on the
other hand, is a composite substance consisting of continuous solid skeletal structure,
which results from the gelation of the sol. The gel obtained is mixed with appropriate
amount of flux if needed and grinded to form fine powder. The mixture powder is then
subjected to thermal treatment at various temperatures according to need of the final
phosphor product. The sol-gel method owes following overcomes above the solid state
method and have been using extensively in phosphor research. (Hamadanian, Reisi-
Vanani & Majedi, 2010; Mohammadi & Fray, 2011, Pierre, 1998; Wright, 2001),

1. Higher homogeneity of the chemical composition in the material product.

2. High uniformity of doping ions distribution, no local concentration quenching
will occur because of impurity clustering.

3. Processing temperature can be very low. This allows the doping of fragile
organic and biological molecules into porous inorganic materials and

fabrication of organic-inorganic hybrid materials.
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4. The controlled microstructure (pores and particles distributions). High density
materials can be produced at high annealing temperature.

5. By spinning or dipping method, thin films and multi layered coating can be
obtained.

6. Fine, uniform particles can be obtained that reduced the crystal destruction by
milling and crushing as in solid state methods.

However, some disadvantages of this method also exist: (Pierre, 1998; Wright,
2001)

1. For transparent samples, the annealing process should be slow and deliberate,
otherwise, cracks and striations will appear in the samples.

2. Toremove organic groups completely, high temperature heating above 1000°C
is required, that may produce undesirable side products.

3. Itis well suited for micro-scale production, but very expensive and unsuitable

for mass production.

2.2.1 Steps of Sol-Gel Method

Because the sol-gel method can occur in room temperature and can be obtained in
different forms, sizes and formats, its usage is increasing in various scientific and
engineering industries (Aurobind, Amirthalingam & Gomathi, 2006; Li, Fries &
Malik, 2004; Livage, Beteille, Roux, et al., 1998). The term sol-gel defines the
processes of gels which sol or colloidal suspensions are produced from.

As you can understand from the name ’sol-gel’, it involves the process that we use
to produce inorganic matrix by colloidal suspension, the gelling of sol to create a group
gel and dry gel transformation after drying process (Aurobind, Amirthalingam &
Gomathi, 2006).

Generally, the sol-gel method involves hydrolysis and condensation of a metal-

organic pre-starter like tetra n-butyl titanate in a catalyst or non-catalyst environment,
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inside a proper resolvent like ethanol (Metroke, 2001; Mackenzie & Bescher, 2007).
Synthesising of rigid materials by sol-gel method generally involves wet chemical
reactions. However, the chemistry of sol-gel, depends on the transformation of
molecular pre-starters in oxide bond by hydrolysis and condensation. Alkoxide groups
in alcohol-water solution, leaves the environment gradually with hydrolysis via acidic,
basic catalyst and replace itself with hydroxyl group that create M-O-M bounds.
Gelling occurs, in order to create a bond that cover whole solution volume, with
increasing polymer bonds coming together (polymerisation). In this gelling point, both
viscosity and elasticity module gradually increase. Then, gel may be vaporised to
create xerogel (Aurobind, Amirthalingam, Gomathi, 2006; Livage, Beteille, Roux, et
al., 1998; Maruszewski, Strek, Jasiorski, et al.,2003; Niederberger & Pinna, 2009).

Sol-gel method generally involves these steps:

Hydrolysis of pre-starter

Alcohol or water condensation of active sol-gel types
Polymerisation

Gelling

Wetting

Drying

N oo bk~ w D

High heat application (sintering)

General chemical reactions of sol-gel process, enables control through the first
material till the last in order to make a proper design and produce a determined phase
(Li, Fries & Malik, 2004). The factors depending on this control are the used pre-

starter, resolvent and catalysts.

Because sol-gel process involves transfer of a liquid ‘sol’ phase to a rigid ‘gel’
phase, inorganic sols and gels are generally re-produced through resolved chemical
reactant synthesis in a liquid environment (Locher, Romano & Weber, 2005; Pierre,
1998). The reactant that involves a metal cation in an inorganic sol or gel is usually

named as a chemical pre-starter. The chemical transformation of this structure is quite
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complex. Similarly, transformation of sol to gel involves complex reactions in
molecular level. These reactions also enable control of distribution of dense colloidal
particles in sol and their agglomeration in gel (Pierre, 1998). Components used in sol-

gel process are grouped as:

Whole resolvable pre-starters are used in sol-gel application. These may be under
two main groups. Metal salt and alkoxides (Kloskowski, Pilarczyk & Chrzanowski et
al., 2010; Pierre, 1998)

a) Metal Salts

The general formula of metal salts is MmXn. Here, M is metal, X is an anionic group,

m and n are stoichiometric constants.

b) Metal Alkoxides

Alkoxides are defined as M(OR), formula. Because metal alkoxides contain high
electronegative OR group, they join reactions actively. These compounds are reactive
when there is humid, heat or light. Unlike metal salts, the unpureness they create is
because of organic groups (Pierre, 1998).

When choosing resolvents, because the resolvent chemistry of metal salts and metal
alkoxides is different, choices should be made according to the type of pre-starter.
Resolvent may be water or organic kind of resolvent. Because alkoxide and water do
not mix with each other, there is a need for a proper resolvent in sol-gel process in
order to have a reaction. Water for metal salts and alcohol for metal alkoxides are used

as resolvents.

Alcohols like CH3OH (methanol), C2HsOH (ethanol), CsHgO (propanol), C4HsOH
(butanol) are used in sol-gel method as starter material and react with metal oxides.
Because water has an important effect in sol-gel process, it is defined differently from

alcohols. In comparison with other parameters, water is a compound that directly join

17



(heat, parameters, catalyst) chemical reactions and constitute molecular structure.
Stoichiometrically giving less water than needed to slow reaction down shows how
important it is in sol-gel process (Pierre, 1998; Thitinun, Thanabodeekij & Jamieson
et al., 2003). The amount of water in sol-gel process is define and evaluated with

water/alkoxi ratio.
The catalysts used in sol-gel method are divided into two as acid and base (alkali)
catalysts that belong to commonly used acid groups; acetic acid as organic, nitric acid

as inorganic, hydrochloric acid and hydrofluoric acid. As base (alkali), ammonium

hydroxide is one of the most used catalysts.

2.2.1.1 Hydrolysis

Hydrolysis is the deprotonation of a solvated metal cation. It consists in the loss of
a proton by one or more of water molecules that surround the metal M in the first
solvation shell.

As a consequence, the aqua ligand molecule, H2O that is bonded to the metal is
either transformed into an hydroxo ligand, OH", if only one proton leaves or onto an

oxo ligand, O%, if two protons detaches. (Figure 2.4) (Niederberger, Pinna, 2009;
Wright, Sommerdijk, 2001)

Figure 2.4 Hydrolysis process (Wright, Sommerdijk, 2001)

The reaction of hydrolysis can be expressed as follows:

M (OR); + H20 <> M (OH) (OR) (.1) + Alcohol (ROH) 2.1)
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2.2.1.2 Condensation

The first step is condensation by olation. The first step of any condensation reaction

always includes the construction of an “ol” bridge in which a hydroxo ligand is caught

between the two metal atoms. (Maruszewski et al., 2003)

M—(OH) + M—(OH) — M—~(OH) — M—OH

(2.2)

The second step is condensation by oxolation. Condensation reactions between two

hydroxylated metal species leads to M-O-M bonds under release of water (oxolation),

whereas the reaction between a hydroxide and an alkoxide leads to M-O-M bonds

under release of an alcohol (alkoxolation) (Figure 2.5) (Brinker & Scherer, 1990).

i pr
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M OH ¢ M OH p M O M OH
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Figure 2.5 Condensation of olation and oxalation (Brinker & Scherer, 1990).

The reaction of condensation can be expressed as follows:

M-OH + HO-M— M-0-M + H>0O7
M-OH + RO-M— M-0-M + R-OH
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2.2.1.3 Polymerisation

Peptidisation is the process that precipitations are distributed with a resolvent. By
distributing these precipitations, a sol is created. Electrolytes are the most appropriate
materials in peptidisation. Electrolytes give a certain load of electric to particles. The
reason why loading is a necessary is that colloidal particles are decisive only when

they are loaded.

Peptidisation is a de-coagulation. However, coagulation is the process which
colloidal particles deflect while increasing, because their electric load is zero. A
precipitation is peptidised with OH-ions (base) if they constitute a negative loaded
colloidal precipitation and with H+ ions (acid) if they constitute a positive loaded
precipitation (Figure 2.6) The amount of acid to add is configured with pH value of
the environment (Brinker & Scherer, 1990).

a) b) %

&

Figure 2.6 (a) The structure of acid catalyst mechanism (b) The structure of basic catalyst mechanism

(Brinker & Scherer, 1990).

In order to determine the optimum point of acid/alkoxide ratio, acid is added
gradually to test-tube. First a decrease and then again an increase is seen gelling point.
The lowest point is the optimum point. Below and above acid amounts are high or low
developed points. The decrease seen in gel volume is because there is the effect of acid

particles on electric load.

When the amount of acid given rises, positively charged particles absorb anions and
became neutral. Therefore, compressive force between particles decreases and they

become closer, that is to say gelling volume decreases.
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In addition to chosen acid amount, acid type is as important as acid amount which
effect peptonisation. The ionisation constant of acids which not support peptidisation
is below 1.10*. Because the acid concentration is too low, to have an electric force
effect, the acid must be very strong. This rule, except for same strong acids, leaves
other organic acids out (Li, Fries & Malik, 2004; Pierre, 1998; Znaidi, 2010).

OH OH
|
Al (OR); (OH) + H20 — RO - Al-O- Al-OR + 2ROH (2.5)

After peptidisation and polymerisation phases, there is nucleation, after nucleation
there is growing steps process occurs (Figure 2.7).

Water + M(OR) + Acid

(system) hydrolysis Reactive monomer

heat condensation

36l [ From sol to jel ] [ Polymer J

Figure 2.7 Polymerization (Li, Fries & Malik, 2004; Pierre, 1998; Znaidi, 2010)

There are also affecting factors in this process like:

e The nature concentration of pre-starter

e The type of resolvent

e Acidity of the environment

e Concentration of all types resolvent,

e Types and concentration of additives.

e Aging time of mixture

e Temperature

o Applied heat treatments (Li, Fries & Malik, 2004; Pierre, 1998; Znaidi, 2010)
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2.2.1.4 Gelation

Gelation may be defined as the process that liquidity of a solution suddenly
disappears, changes into an elastic rigid look-like. Depending on the speed and type of

gelling reactions, micro structure of product, thus composed gels can be controlled.

As result of hydrolysis and condensation, clusters grow to bound together to create
gel. Depending on the ability of being irreversible or reversible, rigid phase bounds,

gels may be defined as weak or strong.

Gelling is simply defined as the agglomeration of particles until collision of clusters
or growing of clusters by condensation of polymers and then bounding between
clusters in order to constitute one big cluster. As a result of these processes the thing

we call “’gel”’ is produced.

These big spreaded clusters comprise the container they are in, so when the
container is rolled the gel won’t spill. In this moment, gel is produced; some of the
spreaded but not bounded clusters are in the sol phase; in time, these become bounded
gradually with the bond and enhance the stiffness of the gel. Accordingly, in order to
constitute branched cluster, when the last bound occurs between two big clusters, gel
is produced. This bound, in addition to being responsible from the first step of elasticity
by constituting a constant rigid bound, is no different from the other numerous bounds
which are constituted before or after gelling point. The occurred bond arc limits the
influx of porous liquid. However, no exothermic or endothermic component occurs.

The chemical development of the system is not affected (Brinker & Scherer, 1990).

Gelling point is defined as the point that rigid mass become connected in the
beginning phase of polymerisation (Aurobind, Amirthalingam & Gomathi, 2006). This
situation that occurs with condensation become clear by the increase of the viscosity
of solution (Brinker & Scherer, 1990). For example, cylanol functional groups on the

surface of growing particles surface during gelling synthesis of SiO2 are molecules
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that lost one or some protons and in order to keep sol in balance negative loads of these

molecules act as pushing barrier.

Afterwards by vaporisation of resolvent and hydrolysis of alkoxylan, water is
consumed, contracted solution and unstable-indecisive suspension occurs. As a result,

the rigidness of the product rises (Aurobind, Amirthalingam & Gomathi, 2006).

Because the size and shape of the last product is determined in gelling phase, it is
important control this phase. In order to have low condensation and porous product,
gelling time must be one of the most important parameters of process. It is known that
condensation of particles rises as gelling time rises (Figure 2.8). It is also emphasized
that if the pH degree of sol is low, gelling time takes longer (Siouffi, 2003; Thitinun,
et al., 2003)
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Figure 2.8 Gelation (Brinker & Scherer, 1990)

2.2.1.5 Aging

As the viscosity rapidly increase, the solvent is “trapped” inside the gel. The
structure may change considerably with time, depending on pH, temperature and
solvent. The gel is still “alive”. The liquid phase still contains sol particles and
agglomerates, which will continue to react, and will condense as the gel dries. The gel
is originally flexible. groups on neighbouring branches will condense, making the gel
even more viscous. This will squeeze out the liquid from the interior of the gel, end

shrinkage occurs. This process will continue as long as there is flexibility in the gel.
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Hydrolysis and condensation are reversible processes, and material from
thermodynamically unfavourable points will dissolve and precipitate at more

favourable points (Note the similarity to the sintering process).

Long term wet gel aging before the last drying is important for achieving xerogel
that is stable during storing phase. Until now, wet aging time wasn’t accepted as a
variable that affect outcome features of xerogel ant this parameter was neglected
frequently in the academic literature.

Morpurge and his friend mentioned that in reality these parameters are important
and added that if aging does not occur until a certain stage, there probably won’t be
any further condensation reaction and the features of the last product may change
significantly unexpectedly.

Aging in room temperature is a rather slow process and its speed depends on
formulation in order to fasten aging process catalyst addition can be made. A catalyst
addition into gelling mixture, may enable achieving a stable featured matrix in
application time, namely it is compatible with practical usage (Keshmir, Troczynski,
Mohseni, 2006).

In the last phase of gelling, water and organic resolvents vaporise in the gaps of
glass and the volume of rigid matrix crinkles gradually. In drying phase, while smaller
pores stay wet with resolvent, some bigger pores are empty. A porous glass-like rigid
called “’xerogel’’ is achieved as a last product (Aurobind, Amirthalingam & Gomathi,
2006).

2.2.1.6 Drying

When the liquid is removed from the gel several things may happen. When the
liquid in the gel is replaced by air, major changes to the network structure may occur.
If the structure is maintained, an aerogel is formed if the structure collapses, a xerogel

is formed.
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Normal drying of the gel leads to structural collapse due capillary forces drawing
the walls of the pores together, and reducing the pore size.

e *OH groups on opposite sides may react and form new bonds by condensation.

¢ *Cracking may occur when the tension in the gel is so large that it cannot shrink
anymore.

e *Gas will enter the pores with a thin film of liquid on the walls. This will

evaporate and only isolated spaces with liquid are left.

Drying process of a porous material may be divided into two. First; the body shrinks
equally with vaporised liquid volume and the water-steam surface stays outside the
outer surface of the body. When the body harden too much to shrink, second phase
begins and the water leaves the air-filled pores that are close to the surface and retreats
into inner position. While the air takes hold of pores, a continuous water film supports
the outer flow, so vaporisation keeps occurring from body surface. As a result, water
is captured inside the pores and the drying may continue with diffusion of steam and

vaporisation of water inside the body.

Drying of sol-gel is one of the critical phases. Drying is controlled via capillary
pressure. Shrinkage occurs in gel in drying because of the capillary pressure and that
pressure inside pores may cause a mechanical damage. A capillary tension during

drying way reach 100-200 MP. In this case, it may result in shrinkage or fraction.

The last gel product, may contain hydroxyl and organic remnants. In order to create
a really inorganic system, remnants must be destroyed. So as to destroy pores while
volatile materials inside the pores are ejected, gel starts swelling and this causes

deformation of the gel (Jones, 1989).

A tension between the liquid and the steam is inevitable in room temperature drying.
The tension inside gel is proportional with drying pace and viscosity of pore liquid, is
inverse proportional with the permeability of wet gel. Important parameters are the

first phase of gel endurance, the pore size of wet gel and the resolvent used in drying.
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Small pore size may cause fractions during drying because of the great amount of
capillary force. When the pore size is smaller than 200 A°, pore liquid is under great
tension. On the contrary, when there is a pore size bigger than 200 A° there is less
shrinkage and less possibility of fraction. In return, in some cases that can be explained
with cavitation theory, gels with smaller sized pores (40 A°) are dried easier than
bigger sized pores. An intervention can be made by drying resolvent in size distribution
(Siouffi, 2003).

If we think of pores in gel as nanometre-like hairline tubes, the liquid inside it is
under hydrostatic pressure. The smaller the diameter of a hairline, the more the liquid
inside it is under hydrostatic pressure. The smaller the diameter of a hairline, the more
the liquid rise in tube because of liquid pressure. If the diameters of pore in gel are
nanometre sized, the hydrostatic pressure would be higher. Thus, gels that have smaller
pores shatter easily (Brinker & Scherer, 1990). Besides, two adjoin different sized

pores may lead to a rise in pressure difference and in fractions.

Depending on one of the most important phase in sol-gel process the drying process,
gel is produced in three different forms; aerogel, xerogel and criogel. Aerogels that
achieved by supercritical drying are usually low-condensated and monolithic materials
(Clapsaddle, Sprehn, Gash, Satcher, Simpson, 2004). Xerogels, on the other side, are
achieved by drying approximately in room temperature and atmospheric pressure.
Articles comparing these two materials and their efficiencies are available in academic
literature (Jones, 1999; Hirashima et al.,1998; Maldonado-Ho6dar, Moreno-Castilla &
Rivera-Utrilla, 2000).

Except from supercritical drying and traditional drying, alternative methods like
freezing drying and microwave drying are also used in resolvent exile from gels. It is
known that dried gels, whose resolvents were generally exiled by freezing drying have
bigger pore volume comparing with the ones that were dried with conventional
evaporation (Dilsiz & Akovali, 2002). Articles that research microwave drying are also
in the academic literature (Zabova, Sobek, Ci'rkva, Solcova, Kment & Ha’jek, 2009).
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2.2.1.7 Sintering

Sintering temperature, pace and environment have significant effects on the
structure of last product (You, Chen, Zhang, 2005; Luis, et al., 2011). These affects
were examined in the academic literature in every material one by one. One of those
examinations belong to Porkodi and Arokiamary. By preparing nano-sized crystals
with sol-gel method, they achieved calcine in 300 °C, 400 °C and 500 °C. The last
crystals were characterised by XRD, TGA/DSC, FTIRman, SEM/EDX analysis
(Porkodi & Arokiamary, 2007).

Different from classical calcination significant microwave calcination researches
have been mode recently. The reason why they are trendy these days is that by
traditional method, the heat can only be applied on the outer surface of materials
however, by microwave, they can be heated from inner and outer cores of material and
their photocatalytic activity features can be enhanced. It is also stated that heating via
microwave depends on absorption capacity of material to heat (Addamo et al., 2008).

2.3 Spin Coating

2.3.1 Spin Coating General Theory

Spin coating process normally involves the application of a thin film (a few nm to
a few um) evenly across the surface of a substrate by coating (casting) a solution of

the desired material in a solvent (an "ink") while it is rotating.

End of the film thickness and other features will depend on the nature of the resin
(viscosity, drying rate, percent solids, surface tension, etc.) and the parameters chosen
for the spin process. Factors such as final rotational speed, acceleration, and fume
exhaust contribute to how the properties of coated films are defined (Hellstrom, 2007;
Mitzi et al., 2004). A machine used for spin coating is called a spin coater, or simply

spinner (Figure 2.9).
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Figure 2.9 Four distinct stages to spin coating (Hellstrom, 2007)

Spin coating is widely used in micro-fabrication, where it can be used to create thin
films with thicknesses below 10 nm. It is used intensively in photolithography, to
deposit layers of photoresist about 1 micrometre thick (Hanaor et al., 2011).
Photoresist is typically spun at 20 to 80 revolutions per second for 30 to 60 seconds.
Owing to the low values of thickness which can be achieved using spin coating
methods, this method is often employed in the fabrication of transparent titanium
dioxide thin films on quartz or glass substrates, such thin film coatings may exhibit

self-cleaning and self-sterilizing properties (Hanaor et al., 2011).

2.3.2 Description of Spin Coating Process

In many areas of organic electronics and nanotechnology the casting and drying
stages of an ink are an integral part of the technology and is where all the "action"
happens. Tyona 2013 research shows that spin coating processes are four distinct

stages to the spin coating process (Figure 2.10). These include:

1. A dispense stage
2. Substrate acceleration stage

3. A stage of substrate spinning at a constant rate and fluid viscous forces

dominate fluid thinning behaviour

4. A stage of substrate spinning at a constant rate and solvent evaporation

dominates the coating thinning behaviour
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Figure 2.10 Drop casting slowly without rotation is a good way to provide highly ordered films at the

nanoscale but at the expense of uniformity across the substrate.

Figure 2.10 shows how drop moves on the surface area;

o A small molecule in a solvent is first dispensed across the substrate and as the
solvent begins to evaporate this produces internal currents (1).

e The droplet shrinks in size with the internal currents depositing molecules at
the receding edges (2).

e By slowing down the evaporation rate it is possible to have highly ordered
films produced at the edges (3).

o However, the coating across the surface is usually high uneven with a typical

"coffee staining" effect (4).

By spin coating at very low speeds it is possible to get a combination of the high
levels of nanoscale order produced by drop casting with the uniformity of spin coating.
(Tyona, 2013)

2.3.3 Spin Coating Thickness Equation

If thin film is produced by spin coating technique, firstly it must calculate thickness

of spin coated film. In general, the thickness of a spin coated film is proportional to
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the inverse of the spin speed squared as in the below equation where t” is the thickness

and ‘W’ is the angular velocity; (spin coating thickness equation at 2.6).

t oo 2.6)

W

This means that a film that is spun at four times the speed will be half as thick. A
spin curve can also be calculated from this equation such as the below. And this

equation shows how example spin curve occurs (Figure 2.11).

The exact thickness of a film will depend upon the material concentration and
solvent evaporation rate (which in turn depends upon the solvent viscosity, vapour
pressure, temperature and local humidity) and so for this reason spin thickness curves

for new inks are most commonly determined empirically.
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Figure 2.11 Example spin curve for a solution (Peeters & Remoortere, 2008)

Typically, a test film is spin coated and the thickness measured either by
ellipsometry or surface profilometry. From this one or more data point(s) the spin
thickness curve can be calculated - usually with a good degree of accuracy. The spin
speed can then be adjusted to give the desired film thickness. Especially get a high
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quality and consistent thin film the below points must be observed (Peeters &
Remoortere, 2008).

e The substrate should have reached its desired rotational speed before the
dispense happens (usually only a few seconds).

« The ink should be deposited as close to the centre of the substrate as possible
otherwise you may end up with a gap in the middle.

e The ink should be deposited in one quick and smooth action.

e The ink should be deposited in one and only one drop in order to prevent
multiple coats.

« There should not be any bubbles blown onto the surface from the pipette.

Huang & Chou (2003)’s study shows; as the feature dimension of ultra large-scaled
integration technology continues to shrink, interconnection delay, generally termed
resistance-capacitance (RC) time delay, dominates most attention over the basic gate
delay in the deep submicron devices. Therefore, insulating materials with low
dielectric constants are needed to mitigate this problem of RC delay and cross talk
between metal interconnects. Sol-gel derived porous SiO xerogel film is particularly
attractive among various low k dielectric candidates in advanced semiconductor
devices, because of its inherent ultra-low permittivity and high thermal stability

through the incorporation of micropores into the SiO, skeletal network.

Spin coating is a simple and reliable process for depositing uniform coatings onto
flat substrates. As with all chemical and manufacturing processes, great care must be
exerted to ensure that high quality products are made. For spin coating this means that
careful understanding of the solvent evaporation and drying characteristics must be
achieved. And, some of the details of the flow behaviour of the solution are important

too. Because of the complexity of some sol-gel solutions (Aegerter & Mennig, 2004).

31



CHAPTER THREE
EXPERIMENTAL

3.1 Purpose of Thesis

The main idea lying under neurostimulator systems are, converting received signal
through converters and modulators into necessary amplitude according to desired area.
The main purpose of empirical studies to conduct is to complete this conversion and

to stimulate nerve cell successfully.

Calling this system, a successful system depends on its efficiency of activation and
inhibitation with the electronic system on it. Suitable material selection to conduct a

working neurostimulator Project is the main priority of this thesis.

Detailed information was given on semi conductive plate that a neurostimulator has
to have, necessary features and performance of thin film plate. Here, in addition to
characteristical features, dielectric constant is also of great importance.

The purpose of this thesis is comparing materials from dielectric point of view, in
order to coat on semi-conductive silicon wafer. The materials were chosen among
Al>03, TiO2 as metal oxide, PVA, PMMA as polymer and producing sol-gel and spin
coating method. Analysis of finished coatings literately and quality-performance

association.

Effecting factors during production stage are characterization and optimization of

produced materials, evaluation of achieved dielectric estimations.

Thus, appropriate material selection for neurostimulators using sol-gel and spin
coating techniques, showing the effects of dielectric constant and performance on
neurostimulator performance. It can be used with the dielectric performance for

neurostimulator devices.
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3.2 Materials

3.2.1 Substrate Preparation

In order to achieve single crystal silicon ingot, one of the most used techniques in
the world the Czochralski technique, was applied using PVA Tepla Czochralski single
crystal ingot growing device in Elektronik Malzemeler Uretimi ve Uygulama Merkezi

(EMUM) at Dokuz Eyliil University (DEU).

The steps depend on lengthening polycyrstal particles in quartz pot (melting above
the melting temperature of polycyrstal silicon) and lengthening of core crystals, which
have intended tendency, with determined spin speed and lengthening speed. Thus,

ingot is achieved.

3.2.1.1 Silicon Single Crystal Growing

5 kg of polycrystalline silicon is loaded into the system. Melting temperature is
determined as 1429 °C and from that point on, it is lengthened with speed of 1.1
mm/min and spin speed (crystal/pot) is determined as 10/10 spin/min. Argon gas influx
speed during the process is configured as 25 L/min (Table 3.1).

Table 3.1 Silicon single crystalline

Parameters used in the body stage The values in the recipe
Diameter 100 mm

Crystal Length 200 mm

Average Pulling Speed 1.1 mm/min

Rotation Rate (Crystal /Cupel ) 10/10 per/min

Argon (flow / pressure) 25 (L/min) / mbar

Single crystal ingot production process lasted around 19 hours, and 200 mm long,

90 mm wide ingot was produced (Figure 3.1).
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Figure 3.1 PVA Tepla Czochralski single crystal ingot and wafer

PVA Tepla Czochralski single crystal ingot of Si production process is showed in

Table 3.2.

Table 3.2 The numerical result of Si single crystal

Si Single-Crystalline Results Units
Single Crystal Body Length 200 mm
Average Diameter (Real) 90 mm
Average Diameter (Software) 100 mm
Body Phase Average Pulling 1.1 mm/min

Speed

Leakage Ratio

8 x10™* mbar. I/s

Total Enlargement Time

~19 hour

3.2.1.2 Silicon Ingot Slicing Process

Parameters of STX-1202 slicing device in the project like tambour speed, coaling

liquid flow and progression speeds of X, y, z towards ahead are optimized and the best

values of single crystal ingot slicing is determined (Figure 3.2).
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Figure 3.2 STX-1202 slicing device and slicing process

The expected wafer thickness during slicing process is determined as 1 mm. First,
the produced silicon ingot is placed on cutting bench and the cutting speed is fixed as
3.5 m/s to have 1 mm slice in a minute. Thus, surface destruction is kept minimum

with this cutting pace.

The reason why the sliced wafers are lapping/polished is that the surface that will
be coated is needed to be smooth and bright. In order to apply nanoelectronic

processes, the best surface that is needed are smooth and bright surfaces.

3.2.1.3 Lapping & Polishing Process

In order to apply wafers into lapping/polishing and slicing processes, they must be
stabled on a glass base. So as to do that, the wafer is pasted on a 140°C heated glass
base by a polymer and to have a good pasting, it was left to cool by placing a load on
it in order not to let a gap occur between the glass and wafer.

Then, the wafer that was ready to be polished, was placed on the device to polish.
Surface quality was made periodically and was controlled in order to check if they

have same level of smoothness at each point (Figure 3.3).
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Figure 3.3 Slide silicon ingot lapping process

In lapping and polishing processes, cerium oxide powders, silica suspension and
alumina powders were used. At the end of the process after necessary polishing was

made, slicing process was conducted (Figure 3.4).

Lapping and Polishing Process Parameters

Rough lapping: Alumina powder (9 um), 40min - 40rpm

Fine lapping: Cerium oxide powder (3 um), 40 min -30 rpm

Polishing: Silica suspension (40 nm), 30min - 30rpm

Figure 3.4 Lapping and polishing process parameters

3.2.1.4 Silicon Ingot Cutting Process

In this step, the sample that was ready for cutting, was rendered into small pieces
of 1x1 cm or 2x2 cm square parts. After placing the device properly, necessary
configuration was made to make samples ready for coating. Spinning speed of device
was adjusted as 2300 rpm and feeding speed of sample was 0.25 mm/sec. (Figure 3.5-
3.6).
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Figure 3.5 1x1 cm and 2x2 cm samples for cutting process

il ‘)

Figure 3.6 (a) 2x2 cm and (b) 1x1 cm cutting wafers

The results of applications that were made with micro-structural characterisation
and scanning electron microscope (SEM) and EDS. Analysis results were given in
Figure 3.7 and 3.8. As a result, in order to examine micro-structural features of silicon

chips, SEM analysis’s were made (Figure 3.7).

Figure 3.7 SEM results for pure Si
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Si and C were found in structure after EDS analysis (Figure 3.8). The C found in
analyses are rooting from the carbon bond that was used to paste silicon sample. As a

result of the analysis, it is determined that the material was containing only silicon.

Ciarpors
Vert=2531 Wisdow 0.005 - 40955= 27040 cnt

Figure 3.8 EDS results for pure Si

X-ray diffraction results were shown in Figure 3.9. In the characterisation

application that were made with Si wafer material that were prepared inside structure,

XRD analysis was made. The achieved results support SEM-EDS analyses result.

There is only Si inside the structure.

pure Si

L o a - L] L
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Figure 3.9 XRD pattern for pure Si
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3.2.2 Solution Preparation

3.2.2.1 Preparing of Metal Oxide Groups Samples

In order to get crack, pinhole free and uniform thin films in the exact stoichiometry,
homogenous solutions must be prepared. In this part there are two main solutions,
these are Ti and Al based solutions. For Ti based solution Precursor solution was
obtained by dissolving titanium (1V) isopropoxide (Ti{OCH(CHs3)2}4) in ethanol. The
metal concentration of the solutions was set as 0.6 M. For Al based solution
AICI3.6H20 used as precursor. AlICIz.6H,O was dissolved in distilled water. GAA
(Glacial acetic acid) was added into both two solutions until completing dissolution which
was accomplished within few minutes. The solutions were stirred until the precursor

was completely dissolved and a clear solution is obtained (Figure 3.10).

Titanium

(IV)isopropoxide Ethanol AICI3.6H.0 Distiled Water

N/ N/

Precursor Precursor
> .

GAA Solution GAA [> Solution
DTA-TG DTA-TG
analysis analysis

Thin Films by Thin Films by
Spin Coater Spin Coater

Figure 3.10 Flowchart for prepation of metal oxide samples

3.2.2.2 Preparing of Polymer Groups Samples

Also in this part there are two main solutions, these are PVA and PMMA based
solutions 4 g hydrolysed PVA powders (Aldrich) were dissolved in 100 ml deionized
water by heating 85 °C. 1 wt.% of Non-ionic surfactant Triton X-100 (Aldrich) was

than mixed with PVA solution to get lower the surface tension. The hot solution was
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stirred until the polymer was completely dissolved and a clear viscous solution is
obtained. 4 g PMMA (Aldrich) were dissolved in 100 ml chloroform. The polymer

solution was stirred until the polymer was completely dissolved and a clear viscous
solution is obtained.

3.2.3 Spin Coating

3.2.3.1 Spin Coating Process for Metal Oxide Groups

The metal oxide based films were coated on the glass and Si (100) metallic
substrates from the prepared suspension solutions through (POLOS-SPIN150i) spin
coater. Different spinning parameters such as spinning rate, acceleration time were used
to control the film thickness for two different films. The spinning rate of 4500 rpm for 50

seconds and an acceleration time of 10 seconds were used for metal oxide based films as
optimal parameters (Figure 3.11).
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Figure 3.11 Spin rate/time schedule for metal oxide groups
3.2.3.2 Spin Coating Process for Polymer Groups
Likewise, metal oxide films, polymeric films were also produced by spin coater.

Prepared polymeric solution with PVA and PMMA dropped Si wafer and spinning
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best parameters were determined. For PVA solution, the spinning rate of 7500 rpm for

70 seconds and an acceleration time of 15 seconds were used (figure 3.12).
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Figure 3.12 Spin rate/time schedule for PVA

However, PMMA solution was less viscos than PVA one, spinning parameter differs

from it. Such as 5000 rpm spinning rate, 50 second spin time, 10 second acceleration time
(Figure 3.13).
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Figure 3.13 Spin rate/time schedule for PMMA
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3.2.4 Heat Treatment

Because there are two type of sample, two different heat treatment regimes were
used. The Protherm Furnace was effectively used for the calcining and annealing
processes of metal oxide sample illustrated and polymeric samples were dried in an

oven illustrated figure 3.14.

High temperature treatment was not employed for polymer based samples because
of their typical decomposition characteristic at high temperatures.

Figure 3.14 Protherm (metal oxide group) and Niive MF120 oven (polymer) for heating processes

3.2.4.1 Heat Treatment for Metal Oxide Groups

For the heat treatment regime of the TiO> samples, the temperature of the furnace
was raised to 280 °C with heating rate of 10°C/min by nitrogenous atmosphere (N2)

and then kept at this temperature for 30 minute.
Then the furnace was raised to 450 with heating rate of 10°C/min after it was kept

at this temperature for 120 min, lastly it was waited until coming back to room

temperature (Figure 3.15).

42



500 ~

T,
400
EN
o
~7 300 H
g
=2
o
S
200 +
=
(]
-
100 ~
0 T T T T T T T T T T
0 50 100 150 200 250

Time (min)

Figure 3.15 Heat treatment for TiO, of metal oxide group

Likewise, heat treatment regime of TiO, the temperature of the furnace was raised
to 150 °C with heating rate of 10°C/min by N2 and then kept at this temperature for 30
minutes for Al2O3 and then was raised to 250 °C with waiting 30 min. Then furnace
temperature was raised 1000 °C kept at this temperature 120 min, finally it was waited

in air until turning back to room temperature (Figure 3.16).
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Figure 3.16 Heat treatment for Al,O3 of metal oxide group
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3.2.4.2 Heat Treatment (Dehydration) for Polymer Groups

Because of low degradation temperature of polymer high temperature heat
treatment was not applied to PVA and PMMA based samples. Aim of low temperature
heat treatment was evaporation of water in solutions. After PVA and PMMA thin films
were formed on Si wafer by spin coater equipment dehydration process was applied
for both two films. Dehydration regimes were demonstrating in figure 3.17 and figure
3.18 for PVA and PMMA respectively.
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Figure 3.17 Dehydration regimes for PVA
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Figure 3.18 Dehydration regimes for PMMA
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3.3 Characterization

3.3.1 Solution Characterization

To obtain optimum thin film or final particle properties different characteristic of
solutions should be determined. For this aim various characterization studies were

done.

3.3.1.1 PH Measurement

The pH measurement refers to determination of the activity of hydrogen and
hydroxyl ions in an aqueous solution. Many important properties of a solution can be
determined from an accurate measurement of pH, including the acidity of a solution

and the extent of a reaction in the solution.

Many chemical processes and properties, such as the speed of a reaction and the
solubility of a compound, can also depend greatly on the pH of a solution. In this study
HANNA HI183141 pH meter was used to determine pH values (Figure 3.19).

Figure 3.19 HANNA HI83141 pH meter
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3.3.1.2 Turbidity Measurement

Turbidity which means the relative cloudiness of a liquid, gives the optical
characteristics of suspended particles in a liquid. Light is passed through the sample
and is scattered in all directions. The light that is scattered at 90° angle to the incident
light is then detected by a photo diode and is converted into a signal linearized by
analyser and displayed as ntu. The more suspended particles there are in a liquid, the
lighter will be scattered, resulting in a higher ntu value (Wilde & Gibs, 2002). In this
study VELP TB1 turbidimetry was used to determine turbidity values (Figure 3.20).

Figure 3.20 VELP TBI1 turbidimetry

3.3.1.3 Contact Angle

The contact angle is defined as the angle formed by the intersection of the liquid-
solid interface and the liquid-vapour interface (geometrically acquired by applying a
tangent line from the contact point along the liquid-vapour interface in the droplet
profile). More specifically, a contact angle less than 90° indicates that wetting of the
surface is favourable, and the fluid will spread over a large area on the surface; while
contact angles greater than 90° generally means that wetting of the surface is
unfavourable so the fluid will minimize its contact with the surface and form a compact
liquid droplet (Yuan & Lee, 2013).
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3.3.1.4 Fourier Transform Infrared Spectropy (FTIR)

Infrared spectroscopy can result in qualitative analysis of every different kind of
material. By interpreting the infrared absorption spectrum, the chemical bonds in a
molecule can be determined. In principle, molecular bonds vibrate at various
frequencies depending on the elements and the type of bonds. For any given bond,
there are several specific frequencies at which it can vibrate. FTIR spectrum of solution
of TiO2and Al,Oz were recorded by using Thermo Scientific Nicolet iIS10 model FTIR
to determine the organic components in the samples. FT-IR absorption spectra were

measured over the range of 4000 to 400 cm™! at room temperature (Figure 3.21).

Figure 3.21 Thermo Scientific Nicolet iS10

3.3.2 Materials Characterization
3.3.2.1 Differential Thermal Analysis-Thermal Gravimetric Analysis (DTA-TGA)
The thermal analysis of the gel was studied under N2 flowing by means of
PerkinElmer STA 6000 Model Differential Thermal Analysis-Thermal Gravimetry as

shown in Figure X in order to obtain information about the decomposition behaviour

of the gels and adjust the thermal treatment accordingly.
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Figure 3.22 PerkinElmer STA 6000 Model Differential Thermal Analysis-Thermal Gravimetry

Thermal analysis is defined as a group of techniques in which a physical thermal
analysis is defined as a group of techniques in which a physical property of the
substance and its reaction products are measured as a function of temperature whilst
the substance is subjected to a controlled temperature program (Hill, 1991). In addition
to these, thermal methods are based upon the measurement of the dynamic relationship
between temperature and some property of the system such as mass and heat absorbed
by or evolved from it. Differential Thermal Analysis (DTA) and Thermogravimetry
(TG) are the most important thermal methods used in characterization of materials
(Kayatekin, 2006).

3.3.2.2 X-Ray Diffractometer

X-ray diffraction (XRD) is one of the basic techniques to analyse all kinds of materials
such as powders and crystals and then XRD provide determinations about crystalline
structure and structural phases (based on Bragg’s Law that equation shown below). So
Bragg's law provides the condition for a plane wave to be diffracted by a family of

lattice planes.

ni=2.d. (3.1)

Where d is the lattice spacing, 0 the angle between the wave vector of the incident
plane wave, Ko, and the lattice planes, A its wave length and n is an integer, the order
of the reflection. It is equivalent to the diffraction condition in reciprocal space and to
the Laue equations (Figure 3.23).
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Figure 3.23 X-Ray Diffraction

In this step, XRD was used to analyse whether produced silicon ingot was single
crystal or not. Pure silicon wafer, p-type silicon wafer and n-type silicon wafer were
identified by means of XRD with a grazing angle attachment and an incident angle of
1° (Thermo-Scientific, ARL-K,). X-Ray radiation of Cu-K, was set at 45 kV and 44

mA with a scanning speed of 2°/min.

3.3.2.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is powerful instrument which permit the
observation and characterization of heterogeneous organic and inorganic materials and
surfaces on a local scale. In SEM, the signals of the greatest interest are the secondary
backscattered electrons, since these vary according to differences in surface
topography as the electron beam sweeps across the specimen (Goldstein et al. 1992).
Series of radiations can be produced in terms of the interaction between the electron
beam and the sample. Normally, two types of radiation are utilized for image
formation: primary backscattered electrons and secondary electrons. Backscattered
electrons reveal the compositional and topographical information of the specimen. The
secondary electron images produce a depth of field which shows the surface
topography. The signal modulation of the two types of radiation is viewed as images
in the cathode ray tube (CRT) and provides the morphology, surface topology and
composition of the specimen surface. In this study, the surfaces of pure, p- and n-type
silicon wafer and texturing wafer were examined by using JEOL JSM-6060 instrument
operating at an accelerating voltage of 20 kV with several magnifications.
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3.3.2.4 Dielectric Measurement

Dielectric properties of metal oxide and polymer groups were determined using
Novocontrol Alpha-N High Resolution Dielectric Analyzer (Figure 3.24). So dielectric
constant was measured as dielectric parameters. Dielectric constant is the most
important parameter for this thesis. Because of that material performance related with
dielectric constant. It shows characteristic properties of material about electrical. This
mechanism principle is that sample cells were utilized as a plate capacitor and the
sample material was placed between two external capacitor plates as shown in Figure
3.24.

Figure 3.24 Novocontrol Alpha-N High Resolution Dielectric Analyzer

The material dielectric function is calculated by;

. cp*
ef=¢ —ig" ==L (3.2)
Co

from the measured complex sample capacity, Cp*. Co is a constant determined by the
sample geometry. Equation 3.2 refers to evaluation of data for details. Equation 3.2
will be only exact, if the electrical field distribution is homogenous inside the sample

50



capacitor and zero outside. In practice, there will be some field inhomogenitites at the
capacitor borders reducing the sample capacity. In addition, the field outside the
capacitor will not be zero. Instead there will be a stray field, which contributes as an
additional external capacity to the measured sample capacity. Both contributions can
be considered by an additional capacity which is edge capacity (Cedge). The measured
capacity can be written as; (in which Cp* is the capacity of the ideal capacitor).

Cm* = Cp* + Ceqge (3.3)

Cedge can be exactly calculated for round capacitor plates centred in an evacuated and
grounded metallic sphere with infinite radius (capacitor not filled with sample material)
(Vasilyeva, Lounev & Gusev, 2013). Dielectric measurement system is shown in
Figure 3.25. This illustration includes a plate capacitor with the sample material and

two external capacitor plates.

Dielectric
g

Terminal

Metal Plates

Figure 3.25 Dielectric illustration
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CHAPTER FOUR
RESULT AND DISCUSSION

4.1 Solution Results

4.1.1 PH Results

The pH values of metal oxides groups the solutions were found as 4.65 (Al.O3) and
4.84 (TiO2). The pH values of the solutions decreased as a function of acetic acid
content in the solution. Their pH values are a significant issue to determine transparent

solutions.

According to this result, acidity of the solutions does not change within first 15
minutes because they stabilize. It was estimated that the pH values of the solutions
come to stable state. Since pH value of the solution is an important factor influencing
the formation of the polymeric three-dimensional structure of the gel during the
gelation process, it should be taken into consideration while preparing solutions. While
ramified structure is randomly formed in acidic conditions, separated clusters are

formed from the solutions showing basic characters (Ebelioglugil, 2009).

The other factor is dilution of the solution using solvent. The excess solvent
physically affects the structure of the gel, because the liquid phase mainly consists of
the excess solvent during the aging procedures. The changes in the gel structure at this

stage partly influence the final structure (Ebelioglugil, 2009).

4.1.2 Turbidity Results

Most modern instruments measure 90° scatter and they are called nephelometric
turbidimeter. Turbidity measured in this way is stated in nephelometric turbidity units
(ntu). In the current turbidity measurements were performed using nephelometric ratio
method and the obtained results were recorded in terms of ntu with £2 of value or &+ 0.01

ntu accuracy. With turbidity experiments, whether powder precursor materials are
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dissolved very well in solutions is understood by looking ntu values before coating
process. As mentioned before, the turbidity values of the solutions vary in the range of 0
ntu and 1,000 ntu. It is interpreted that powder based precursors are completely dissolved
as turbidity value approaches to 0 ntu and they are not dissolved and some powder particles
are suspended in a solution as it approaches to 1000 ntu.

In this experiment, turbidity value of the metal oxide groups solutions was measured as
11.42 ntu (Al203) and 10.23 ntu (TiO2). Also turbidity value of the polymeric groups
solutions was measured as 3.17 ntu (PVA) and 3.02 ntu (PMMA).

Based on the turbidity value, it can be pointed that powder based precursors are
completely dissolved in the solutions. Moreover, these values present an important clue
for further processing. It is worth noticing that optimum structural, thermal,
microstructural, mechanical, optical and high dielectric properties are not obtained using

undissolved solutions.

4.1.3 Wettability Results

Wettability studies usually involve the measurement of contact angles as the
primary data, which indicates the degree of wetting when a solid and liquid interact.
Small contact angles (90°) correspond to high wettability, while large contact angles

(90°) correspond to low wettability.

4.1.3.1 Determination of The Contact Angle of Metal Oxide Sample

Contact angle of aluminium oxide solution was made by double sided estimation.
As a result, while the contact angle from left side was 7.27°, the right side was 4.32°.
The contact angle determined by optimization was 5.80 °. Hence, because the contact
angle was below 90°, it is a solution with a great wetting capacity and it is appropriate
for coating (Figure 4.1).
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Tilt: 0.7 deg

Figure 4.1 AlLO; solution contact angle

Similarly, in the research made for titanium dioxide solution, while the left contact
was 28.43° the right side contact was 22.21°. The contact angle determined by
optimization was 29.84°. Hence, similar to aluminium oxide solution, the wetting

capacity can be classified as a high (Figure 4.2).

Figure 4.2 TiO, solution contact angle

4.1.3.1 Determination of The Contact Angle of Polymer Sample

In this research, the contact angle of groups, such as PVA and PMMA, were
estimated by double sided contact angle estimation, as we did for metal oxide group

sample.

For PVA, the contact angle estimation from right side was 29.52° and from left side
was 27.60°. Optimization contact angle result for PVA was 28.56°. It has a high

welting capacity and has an appropriate contact angle for coating (Figure 4.3).
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Figure 4.3 PVA solution contact angle

While estimated left contact angle for PMMA was 10.57°, the right was 18.38°.
Average contact angle was 14.56°. Because the contact angle was below 90°, it has

great wetting capacity, that is to say it is appropriate for coating (Figure 4.4).

Figure 4.4 PMMA solution contact angle

4.2 Materials Process Optimization

4.2.1 Differential Thermal Analysis-Thermal Gravimetric Analysis (DTA-TGA)
Thermal analysis experiments were suitable for metal oxide group, polymer group.

The heating regime for polymer group was; for PVA, 120 minutes, 75 °C. As for

PMMA, 130 minutes, 50 °C dehydration was conducted. Because a high heating

treatment for polymer group, as we did for metal oxides, is not possible.
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By conducting DTA-TG study for metal oxides, heating treatment regime was
identified. Hence, for Al>Os and TiO2, two different DTA-TG process was applied
(Figure 4.5 and Figure 4.6).
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Figure 4.5 DTA-TG result for Al,O3 precursor solution

In the DTA-TG graphic given for Al>Oz analysis, certain changes were observed
for certain temperatures. In order to comment on those changes, the study made by
ROGOJAN et al., (2011) was used as a guide and heating treatment regime was

determined as Al,Os.

The first three endothermic effects of greater magnitude can be attributed to
moisture water loss (the effect approximately 100-110 °C) and another endothermic
effect is that hydroxyl loss from the decomposition of hydrated aluminium chloride
and aluminium hydroxide, which can be possibly formed (the effects at 153 °C and
210 °C, respectively) it means that organic component decomposition. Final
endothermic effect is at about 800 °C and 890 °C (Fig. 4.5) may be attributed to the
transformation of polymorphous enantiotropy y-Al203 in a-Al2Os. and crystallite size

characteristic to the nanopowders.
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Figure 4.6 DTA-TG result for TiO; precursor solution

By DTA-TG analysis made for TiO», appropriate heating treatment regime was
determined. The TiO. differential thermal analysis and thermal gravimetric analysis
made under the supervision of the study of Foria et al., (2007) are: TiO> DTA-TG
graphic showed rapid weight loss at around 100 °C resulting from the evaporation of
residual solvent in the xerogel (powder), and another effect is that weight loss at around
270 °C: This effect due to decomposition of organic compounds such as acetic acid
covalently bonded to TiO>. The final result of TiO2 graphic showed that the DTG curve
of cyanidin-functionalized TiO2 xerogel presented a peak at approximately 430 °C,
which was not present in the DTG curve of TiO2 xerogel and which can be attributed
at cyanidin linked to TiO> decomposition. These results show us to the cyanidin

transformed thermal stability form at approximately 420-430 °C.

4.2.2 Fourier Transform Infrared Spectropy (FTIR)

The aim of this section is to elucidate what type bonding can occur during heat
treatment of metal oxide and polymeric materials, to understand the nature of their bonds,

and thus to assist to be determined their process optimization.
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In the context of this study, in order to observe change, samples from metal oxide
group, such as Al>Os and TiO», were applied FT-IR treatment, one before, one after

the heating treatment.

4.2.2.1 FT-IR Analysis for Metal Oxide Group

Firstly, in the context of this study, metal oxide group samples while they are in

solution form and after calcination application, were FT-IR analysed two time.

Thus, chemical bounds occurred by heating treatment were observed. By those
changes in chemical bounds and sol-gel method application, it was tried to observe

whether sol-gel method coating is beneficial or not.

First of all, FT-IR analysis for AlOz in solution and after calcination were
compared. Al>Os in solution and calcined Al>Oz were given in Figure 4.7 and Figure

4.8.
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Figure 4.7 FT-IR result Al,O3 metal oxide precursor
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Peaks can be seen approximately at 3000 cm™, 1800 cm™ and 1300 cm™ in first
solution results for Al>Os. After calcined with in this peaks were disappeared. So
organic groups were disappeared by in this calcined processing. If we help us that
peaks from Adamczyk & Dtugon (2011)’ s research and explain; in this measurement,
the bands assigned to the stretching vibrations of OH groups (at about 3200-3472
cm1) together with the bending vibrations in H,O molecules (at about 1350-1670
cm™Y) are detected, what is connected with the sol-gel synthesis (Figure 4.7). Then
these bands were disappeared due to calcined processing and confirming AlOz was

obtained (Figure 4.8).

— calcined ALO,

0.03 -
Q
=
g 0.02
2
O
%]
Qo
<

0.01

0.00 T T T T T T T T T T T T 1

4000 3500 3000 2500 2000 1500 1000 500

Wave number(cm™)

Figure 4.8 FT-IR result for calcined Al,O;3

Afterwards, the metal oxide sample, which is TiO2 sample, in solution form and in
silicon coated on wafer form after heating treatment were FT-IR analysed. Here, the
purpose is to observe any organic bound and determine whether there is the intended

crystal structure.
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In figures 4.9 and 4.10, FT-IR analysis of solution forms and calcined forms, in

other words, coated forms can be seen.
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Figure 4.9 TiO; precursor metal oxide solution

STEFAN et al., (2008) ‘s study helps that analysis for bands, so the strong vibration
bands at about 2870 cm™* correlated with CH2 groups, and vibrations in the 1600-1000

cm range, assigned to C=0 groups, disappear in thermally treated samples (Figure

4.9).
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Figure 4.10 Calcined TiO,
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The thermal treatment leads to the partial or complete removal of ethanol and GAA.
The porosity of these materials was evaluated by measuring the surface area of gel-
sample containing bands (correlated CH, groups at about 3200-3400 cm™ and losing
surface areas at about TiO, 700-800 cm™) after thermal treatment at 450°C. Finally,
these FTIR analysis, thin film coatings are conforming for phase dielectric

measurement (Figure 4.10).

4.2.2.1 FT-IR Analysis for Polymer Group

FT-IR analyses that belong to PVA and PMMA samples of polymer group were
given in Figure 4.11 and 4.12.
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Figure 4.11 PVA FTIR analysis in air atmosphere

Thomas et al., (2007) researching leads to that graphic for PVA FTIR analysis. A
large carbonyl peak around 1715 cm appears in the spectrum is observed to coincide
with the first degradation step of the mass loss curves. This is indicative of the
inclusion of atmospheric oxygen in the polymer. The carbonyl peak remains important
in the degradation throughout the first degradation step and diminishes towards the
end of this step. The second stage of the degradation a C=C peak appears about 3255,
2910, 1100 and 760 cm™ (Figure 4.11).
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Figure 4.12 PMMA FTIR analysis in air atmosphere

Duan G. Et. al (2008) FTIR analysing for PMMA shows that the first band is 1400
cm ! and 754 cm™! can be attributed to the a-methyl group vibrations. The band at
1211 cm™!is the characteristic absorption vibration of PMMA, together with the bands
at 1062 cm ' and 843 cm™!. The band at 1725 cm™! indicate the presence of the acrylate
carboxyl group. The band at 1440 cm™! can be attributed to the bending vibration of
the C—H bonds of the —-CHj3 group. The two bands at 2,997 cm™! and 2,952 cm™! can
be assigned to the C—H bond stretching vibrations of the —CH3z and —CHa»- groups,
respectively (Figure 4.12).

4.3 Phase Analysis
X-ray diffraction (XRD) patterns of thin films were determined by means of a
Rigaku diffractometer with a Cu Ko irradiation (wavelength, A=0.15418 nm).

Measurements were performed by applying voltage of 40 kV and current of 30 mA.

Scans were made over the range 26=0-90° in increments of 2°.
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4.3.1 Phase Analysis for Metal Oxide Samples

Figure 4.13 illustrate XRD pattern of Al>Osz film. As it can be seen in Figure 4.13
pure crystalline AlO3 ceramic could be obtain by sol-gel spin coating method. There
is no any different phase which is not Al.Os. Likewise, TiO2 film Al.O3 film on Si
substrate does not include any impurity or unwanted structure. It is not possible to see
any amorphous phase in Al20s thin film. Whole of it shows high crystallinity.
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Figure 4.13 XRD pattern of Al,Os thin film

Figure 4.14 illustrates XRD pattern of TiOz film. As it can be seen in Figure 4.14

pure crystalline anatase phase of TiO. ceramic could be obtain.

There is no any different phase which is not. In addition, the film has some rutile
phase on it. It could be seen that the pattern of TiO2 has some rutile peaks near the
anatase peaks. The TiOz film on Si substrate doesn’t include any impurity or unwanted
structure. The film shows high crystallinity.
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Figure 4.14 XRD pattern of TiO, thin film

4.3.2 Phase Analysisfor Polymer Samples

Figure 4.15 depicts XRD pattern of spin coater derived PMMA film. The result is
congruent with the FTIR spectrum which means that the PMMA film shows
amorphous characteristic. It is obvious that The PMMA films doesn’t include

crystalline phase. Two peaks at 19° and 32° endorse the amorphousness of PMMA
films.
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Figure 4.15 XRD pattern for PMMA thin film
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The XRD pattern in Figure 4.16 illustrates an amorphous structure. This structure
Is resembling to PMMA, yet in Figure 4.16 which shows XRD pattern of PVA film on

Si substrate only one peaks could be seen on spectra.

This suggests that PVA is more crystalline than PMMA. But it doesn’t mean that

PVA is a crystalline material. It still shows amorphous characteristic.
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Figure 4.16 XRD result for PVA thin film

4.4 Microstructure Analysis / Energy Dispersive X-ray Spectroscopy (EDS)
The surface topographies and characteristics of films on Si substrates were
examined by using SEM. Vacancies, micro cracks and porosities were examined by

SEM for determining the grain size on the morphology of the thin films.

Additionally, elemental analysis of Al>Os and TiO2 coatings on Si substrates was
investigated through EDS (Figures 4.17 and 4.18).
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Figure 4.17 EDS result for Al,Os thin film
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Figure 4.18 EDS result for TiO; thin film

4.4.1 Microstructure Properties of Metal Oxide Groups

Microstructures of the TiO2 and AlO3 films are given in figures between Figures
4.19 and 4.20 in detail. The TiO> films annealed at 500 °C. The Figures show that it is
possible to obtain TiO films having continuous and homogeneous microstructure by
spin coating method and annealing at 500 °C for 1 hour in air. In Figure 4.19 (left side-
a) depicted 1000x (magnitude) of TiO. film and Figure 4.19 (right side) depicted
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5000x (magnitude) of TiO2 film. SEM micrographs in Figure 4.19 showed that the

films were crack-free structure on Si substrates.

The samples heat-treatment at 500°C yielded a homogeneous and smooth film
surface. There are some particles like structure on film surface but they don’t have
significant effect on the film structure. The film is still proper to use in neurostimulator

devices as dielectric layer.

Figure 4.19 SEM result with depicted 1000x (a) and depicted 5000x (b) for TiO,

Microstructures of the Al>Oz and films are given in figures between Figure 4.20 in
detail. The Al,O3 films annealed at 1000 °C. Figure 4.20 (left side) depicted 1000x
(magnitude) of Al.Oz film and Figure 4.20 (right side) depicted 5000x (magnitude) of
Al2Os film.

Figure 4.20 SEM result with depicted 1000x (a) and depicted 5000x (b) for Al,O3
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As it can be seen the Al2O3 film doesn’t include any pin hole and crack. This mean
that like TiO2 films Al>Os film can be produce by spin coating then annealing at 1000
°C in air. The film has smooth and homogenous surface as well as TiO2 film has.
However, the particles like structure are available in Al2Oz film too. But as it was

mentioned previously they don’t effect negatively to film duty.
4.4.2 Microstructure Properties of Polymer Groups

Figure 4.21 shows polymeric thin film which is PVA and PMMA at different
magnification, 500x and 5000x respectively. The films are very smooth and

continuous. There is no crack or any honhomogeneous structure.

This result proved the possibility of producibility of PVA and PMMA by cost
effective spin coating method.

Figure 4.21 Polymeric thin film SEM results: a) PVA 500x, b) PVA 5000x; c) PMMA 500x, d) PMMA
5000x

68



4.5 Dielectric Properties

4.5.1 Dielectric Properties of Metal Oxide Groups

Variation of permittivity or dielectric constant (€) as a function of frequency for

Al,O3 at room temperature is as shown in Figure 4.22. Frequency range was
determined 1Hz-1 MHz. Furthermore, it is observed that the charge carriers undergo

dipole polarization at particular low frequency region of 10 Hz. Further, the increase
in frequency decreases of the permittivity (€) due to the electrical relaxation processes.

In both high frequencies as well as at very low frequencies, there is a significant change

permittivity.
The permittivity value of Al>Os film is variable the range of 5 to 9.5. This is due to
the dipolar contribution of charge carriers between one isolated to others states (Figure

4.22).
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Figure 4.22 Permittivity of Al,Os thin film
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Figure 4.23 illustrate TiO2’s dielectric constant versus frequency. For TiO> the
increase in frequency decreases of the permittivity (€) due to the electrical relaxation

processes as well as AlOs.However dielectric constant of TiO; significantly higher
than Al;Oa.
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Figure 4.23 Permittivity of TiO; thin film

Furthermore, it is observed that the charge carriers undergo dipole polarization at
particular low frequency region of 100 Hz. Dielectric Constant of TiO. is changeable
range between 85 and 120. This indicates that dielectric loss of TiO: is higher than
Al2O3,

4.5.2 Dielectric Properties of Polymer Groups

Dielectric behaviour of PVA thin film is depicted in Figure 4.24. It is obvious that
dielectric constant of polymeric PVA film is lower than metal oxide film which is 120
for TiO2 and 9 for Al20s. As well as TiO2 and Al20s, dielectric constant of PVA film
increases with decreasing frequency. However, there is no apparent point of frequency

which permittivity increases significantly.
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Figure 4.24 Permittivity of PVA

This means that PVA shows more stable dielectric behaviour. Whereas the
dielectric constant of PVA is 2,2. At high frequency which is 108, it is almost 4 for 1

Hz. The difference of the permittivity value between 10° Hz and 1 Hz is nearly 2.

The permittivity of PMMA versus frequency is very similar with PVA Figure 4.25.
This is because of common polymer characteristic. In general, the dielectric constant
of Polymeric material is not higher than 4-5. We can see same situation in our both
PVA and PMMA results. Whereas the dielectric constant of PMMA is 2,5 at high
frequency which is 108, it is 3,5 for 1 Hz.

The difference of the permittivity value between 10° Hz and 1 Hz is nearly 1. We

conclude that PMMA most stable dielectric material in our four different samples
which are PVA, Al>Oz and TiO>.
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Figure 4.25 Permittivity of PMMA

According to these results, it would be inferenced that TiO has highest permittivity
however this material shows high dielectric loss. Due to this phenomenon it is hard to
applied TiOz in integrated circuit. On the other hand, lowest dielectric constant and
loss is belonging to PMMA. We have different difficulties when use these two type
materials. For instance, PMMA degrade at lower temperature while TiO2 is more

stable at high temperature.

And the result of dielectric measurement, we can use these materials on
neurostimulator system. Because these dielectric result is suitable for human body and

also this system can transmit on to another nerve from nerve.
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Figure 4.26 Design of neurostimulator system
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CHAPTER FIVE
CONCLUSION AND FUTURE PLANS

5.1 General Results

In the context of this thesis, anatomical parts creating central or environmental
(peripheral) nerve system, which are called neurostimulator were used. By placing
electrodes in, on the surface or around those neurostimulators and with an applied
special electrical tension, it was aimed to produce semi-conductive materials with sol-
gel method and spin coating technique in order to produce related device that maintain
activation and inhibitation. Accordingly, it was observed that, in order to activate and
inhibate the applied tension, the performance of electrical tension is specified by the
performance of used semi-conductive material. The most significant factor that affect
the electrical performance is dielectric constant. Thanks to the dielectric capacity of
produced materials, current-volt balance can be maintained and modulation process

can be conducted.

1. Asaresult of this study, literature researches of metal-oxide group belongings,
Al>,O3 and TiO2, were made and it was specified that they are being used for
neurostimulator production. Hence, they were preferred. In the context of
achieved results, dielectric capacity of Al,0z was 9.5 and of TiO2 was 120.

2. The other case study was constituted from polymer group, PVA and PMMA.
Dielectric capacities of PVA and PMMA were 2.2 and 2.5. As a result,
according to usage area and intended performance, different material choices
can be made.

3. In order to specify dielectric features, the optimization result of materials and
characterization were estimated. Within this framework, FT-IR, XRD, SEM,
pH and turbidity estimations were made and it was observed whether there was
a proper environment for electrical circuit design.

4. As it can be seen from the obtained results, by using sol-gel method, material
diversity can be maintained which we can constitute a basis for neurostimulator

with different performances.
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5.2 Future Plans

By using sol gel and spin coating to produce coating on semi conductive silicon
wafer, successful materials for neurostimulator production were maintained. Thanks
to this study, by sol gel, it was seen that more efficient semi conductive materials with

higher performances in dielectric features can be produced.

Within increasing technology, electrical based devices are in need of getting
smaller. Sol gel constitutes a significant place among nanotechnological processes
since both smaller and technological devices are needed. Efficiencies of Al;03, TiO,
PVA and PMMA can be seen in this study, if neurostimulator is to be produced. With
different coating thickness and heating treatment, advanced electrical featured

substructure elements can be produced.

At the same time, studies can be made in nanotechnology area. Thanks to the
produced coating, electronic circuit design can be made, and by reproducing whole
circuit elements, electrodes, antennas with nanotechnology, micro-sized

neurostimulators may be even invisible with eye, can become possible.
In addition, in the field of medicine, neurostimulator kind of devices can be used
for plucked and crushed nerves’ treatment. Signals can be re-powered and transmitted

successfully by producing similar based material production.

There is no doubt that in the future, neurostimulation will be used in different fields.
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