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Standard biopotential electrodes in clinical applications, require the use of
electrolytic gel and skin abrasion for better electrical interface between electrode
and skin. Although the pre-gelled skin electrodes present good performance for
short duration measurements, signal deterioration occurs on long-duration records,
since the gel dries out over a period of time. The gel may also cause skin irritation
or allergic reactions. Gel-free dry electrodes are a promising alternative for long-
duration recordings. However, high contact impedance, high interface potential,
and low signal quality problems appear in dry electrodes. This thesis aims to design
a novel carbon nanotube and metal oxide semiconductor field effect transistor
based dry electrode to measure biopotentials on the human skin with high signal-
to-noise ratio. The vertically aligned multiwalled carbon nanotube arrays are grown
on the gate terminal of the the transistor. The multiwalled carbon nanotubes
penetrate the outer layer of the skin at the microscales. This penetration eliminates
the high impedance and noise effects of electrode-skin contact. The simulation
results demonstrate and prove the efficiency of the proposed electrode.

Keywords: Biopotential electrodes, CNT, MWCNT, MOSFET, Semiconductor
Device Microfabrication
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Klinik uygulamalarda kullanilan standart biyopotansiyel elektrotlar,
elektrot ve cilt arasinda daha iyi bir elektriksel arayiiz olusturulmasi igin jel
kullanimin1 ve cildin agindirilmasi islemlerini gerekli kilmaktadir. Kendinden jelli
olan elektrotlar kisa siireli 6l¢limler i¢in iyi bir performans gosterse de, jel bir siire
sonra kurudugu i¢in uzun siireli dl¢limlerde sinyalde bozulmalar meydana gelir.
Ayrica, jel ciltte tahrigse ve alerjik reaksiyonlara neden olabilir. Jel icermeyen kuru
elektrotlar uzun siireli Olgiimler i¢in umut verici bir alternatiftir. Ancak kuru
elektrotlarda yiiksek temas empedansi, yiiksek arayiiz potansiyeli ve diisiik sinyal
kalitesi sorunlar1 ortaya ¢ikmaktadir. Bu tez calismasi, biyopotansiyelleri cilt
iizerinden yiiksek sinyal giiriiltii oran1 ile 6lgmek i¢in 6zgiin bir karbon nanotiip ve
metal oksit yariiletken alan etkili transistor tabanli elektrot tasarimini
amaglamaktadir. Dikey yonde hizalanmis olan karbon nanotiip dizileri transistoriin
gecit terminali {izerinde biyiitiilmiistiir. Cok duvarli karbon nanotiipler deri
ylizeyinin en iist tabakasina mikro Olgeklerde girisimde bulunur. Bu girisim
elektrot-deri temasimin yiiksek empedans ve giiriiltii etkilerini yok etmektedir.
Simulasyon sonuglari 6nerilen elektrodun etkinligini kanitlamistir.

Anahtar Kelimeler: Biyopotansiyel elektrotlar, KNT, CDKNT, MOSFET,
Yariiletken Cihaz Mikrofabrikasyonu
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EXTENDED SUMMARY

Many organs and tissues in the human body exhibit their health states or
functions with electrical signals called biopotentials. The signals obtained from the
activities of the heart (electrocardiogram), brain (electroencephalogram), or muscle
(electromyogram) are examples of biopotentials. These electrophysiological signals
or the other biopotentials measured from the human body enable to identify
diseases.

Biopotentials are small-amplitude signals in the microvolts or millivolts,
and their frequencies are between DC to several hundred hertz. Thus, the quality of
the measuring electrode is crucial to acquire small amplitude signals from the skin
surface with high precision. Artifacts and noises on a biopotential signal generally
depend on the measuring electrodes as well as the skin surface. The surface of the
human skin contains a high number of dead cells and hairs, leading to increased
resistivity and decreased contact surface area with the measuring electrode.

Standard electrodes for electrophysiological signal acquisition in clinical
applications, such as electrocardiography or electromyography, require the use of
electrolytic gel and skin abrasion to form a better electrical interface between
electrode and skin. The electrolytic gel between the skin surface and electrode,
diffuses into the skin and enables forming a highly conductive layer. Although the
self-gelled skin electrodes present good performance for short duration
measurements, signal deterioration occurs on long-duration records, since the gel
dries out over a period of time. Gel-free dry electrodes are a promising alternative
for long-duration recordings. There are many different dry electrodes, from a
simple disk electrode made of stainless steel to silicon-based micro-fabricated
electrodes with on-chip amplifiers. However, high contact impedance, high
interface potential, and low signal quality problems appear in dry electrodes due to

the absence of gel.
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The abovementioned problems for bioelectrodes can be solved by
designing a novel electrode. This thesis introduces a novel dry electrode to measure
biopotentials on the human skin with high signal to noise ratio.

Carbon nanotubes are utilized in cooperation with metal oxide
semiconductor field effect transistor (MOSFET) in the proposed electrode design.
Vertically aligned metallic multiwalled carbon nanotubes (MWCNTs), grown on
the gate terminals of MOSFETs, form the contact surface of the electrode. The
MWCNTs penetrate the high amount of dead-cell containing the outer layer of the
skin for stable and improved electrical contact without the gel. The proposed
electrode benefits from the MOSFET advantages such as direct charge—current
conversion, and low noise pre-amplification of electrophysiological signals. The
employment of the MOSFET in the electrode enables the insulation between the
skin and instrumentation unit due to the electrically isolated gate terminal from the
bulk structure.

After a comprehensive introduction, the state of art studies, regarding the
design of an electrode, are comparatively discussed in the related works section.
The aim of the chapters from third to six are to constitute a theoretical background
to the reader. A general overview of the widely used bioelectrodes is given in
chapter 3. Properties of an ideal bioelectrode are defined. Then, the assessment of
the electrode-skin interface from the electrical aspects is done.

The skin has significant effects on the biopotentials, thus chapter 4 is
devoted to the structural and electrical properties of the human skin. Properties of
the electrolytic gel are also discussed in this chapter.

Carbon nanotubes are in a key position on today's and the future's
technology. Chapter 5 describes the bonding of carbon atoms responsible for the
excellent properties of carbon nanotubes. Structural and electronic features, as well

as electron transport in a nanotube, are also explained.
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In chapter 6, fundamental processes of semiconductor microfabrication are
identified in a step by step manner. The growth of substrate material with the
epitaxy process is followed by the thermal oxidation step to form a silicon dioxide
layer. The dopant diffusion process to alter the resistivity of the substrate material
is described. Ion implantation, photolithography and etching processes to form
implanted regions, develop patterns on substrate and removal of some specific
regions are mentioned in detail. The chapter is concluded by explaining the
metallization process to build contacts.

In the 7th chapter, the electrical equivalent of utilized MWCNT is
extracted. Resistance, capacitance, and inductance of individual nanotube are
calculated. The utilized MOSFET in the proposed novel electrode is designed, and
its microfabrication processes are performed, based on chapter 6. The source code
of microfabrication processes is available in Appendix A. The MOSFET
parameters are extracted from a technology computer-aided design (TCAD)
simulation environment and combined with MWCNT parameters in the simulation
program for integrated circuits emphasis (SPICE).

Testing of the proposed novel electrode model and conclusion of the work
take place in 8th and 9th sections. Simulations of the proposed electrode circuit
equivalent and the commonly used wet electrode circuit model are compared. Two
cases of skin condition are taken into consideration for comparison. They are
prepared and unprepared skin cases. Electrocardiogram (ECG), electromyogram
(EMG) and electroencephalogram (EEG) signals, selected randomly from the
Massachusetts Institute of Technology Beth Israel Hospital database, are used as
the inputs. The simulation results of the three electrode models show that, signal
amplitudes, obtained from the proposed electrode model, maintains the 93.27% of
the input signal, whereas the signal amplitudes taken from wet electrodes on
prepared and unprepared skin surfaces retain their input amplitudes 48.26% and
0.99%, respectively. Additionally, the half-cell potential of the proposed electrode

model is considerably lower than that of the wet electrodes.
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The Fourier transforms of obtained biopotential signals also prove the
abovementioned considerations. Contrary to the proposed electrode model,
amplitudes of noise components for the biopotentials obtained from wet electrodes
are increased considerably.

Although it is simulated at the worst case specifications, the proposed
model obtained the highest quality signals. The signal to noise ratio of the proposed
electrode is higher than that of the wet electrodes. The simulation results
demonstrate and prove the efficiency of the proposed electrode.

The proposed electrode increases signal acquisition quality, reduces the
noise from the stratum corneum skin layer, eliminates electrolytic gel usage, and
provides stable impedance for long periods. The simulations demonstrate the
efficiency and importance of the electrode. This electrode may be used without
abrasion and gel-free electrophysiological signal acquisitions even for long-term

measurements without biocompatibility problems.
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GENISLETILMIS OZET

Insan viicudundaki bircok organ ve dokunun saglik durumlari ya da
fonksiyonlar1 biyopotansiyel olarak adlandirilan sinyallerden anlasilabilir. Kalbin
(elektrokardiyogram), beynin (elektroensefalogram) veya kasin (elektromiyogram)
aktivitelerinden elde edilen sinyaller, biyopotansiyellere ornektir. Bu
elektrofizyolojik sinyaller veya insan viicudundan ol¢iilen diger biyopotansiyeller
bazi hastaliklarin tanimlanmasini saglar.

Biyopotansiyeller, mikrovoltlar veya milivoltlardaki kiiciik genlikli
sinyallerdir ve frekanslar1 DC ile birka¢ yiiz hertz arasindadir. Bu nedenle, 6l¢iim
elektrodunun kalitesi, cilt ylizeyinden yiiksek hassasiyetle kii¢iik genlikli sinyalleri
elde etmek icin ¢ok Onemlidir. Biyopotansiyel sinyali {izerindeki bozulmalar ve
giiriiltiiler genellikle 6lgiim elektrotlarindan ve cilt yiizeyinden kaynaklanir. insan
deri ylizeyinin ¢ok sayida olii hiicre ve kil icermesi direncte artisa ve temas ylizeyi
alaninda azalmaya yol acar.

Elektrokardiyografi veya elektromiyografi gibi klinik uygulamalarda
elektrofizyolojik sinyal 6l¢iimil i¢in kullanilan standart elektrotlar, elektrot ve cilt
arasinda daha iyi elektriksel arayiiz olugsmasi i¢in elektrolitik jel kullanimini ve cilt
asindirma iglemini gerekli kilar. Cilt yiizeyi ve elektrot arasindaki elektrolitik jel,
cilt icine dogru yayilir ve oldukca iletken bir tabaka olusturulmasimi saglar.
Kendiliginden jelli olan cilt elektrotlar1 kisa siireli ol¢limler igin iyi performans
gosterse de, jel bir siire sonra kurudugundan uzun siireli kayitlarda sinyaller
iizerinde bozulmalara neden olur. Jel icermeyen kuru elektrotlar uzun siireli
Ol¢limler i¢in umut verici bir alternatiftir. Paslanmaz ¢elikten yapilmig basit bir
disk elektrottan, ¢ip iizerinde bir kuvvetlendiriciye sahip silikon bazli mikro-
fabrikasyon elektrotlara kadar bir¢cok farkli kuru elektrot vardir. Bununla birlikte,
kuru elektrotlarda jel olmamasi nedeniyle yiiksek temas empedansi, yiiksek arayiiz

potansiyeli ve diisiik sinyal kalitesi sorunlar1 ortaya cikar.
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Biyoelektrotlar i¢in yukarida bahsedilen problemlere yeni ve 6zgiin bir
elektrot tasarimi ile ¢oziimler getirilebilir. Bu tez c¢alismasi insan cildi iizerinden
yiiksek sinyal giiriiltii oranina sahip biyopotansiyelleri elde etmek i¢in 6zgiin bir
kuru elektrot tasarimina yer vermektedir.

Karbon nanotiipler, onerilen elektrot tasariminda MOSFET ile bir arada
kullanilir. MOSFET'lerin ge¢it terminalleri {izerinde biiyliitiillen, dikey olarak
hizalanmis metalik ¢ok duvarli karbon nanotiipler (CDKNT'ler) elektrotun cilde
temas yiizeyini olusturur. CDKNT'ler, cildin yiiksek miktarda 6lii hiicre igeren dis
tabakasina jel olmadan, sabit ve iyi bir elektriksel temas olusturacak sekilde az bir
derinlikte girigimde bulunur. Onerilen elektrot, MOSFET in dogrudan yiik-akim
donisiimii.  ve elektrofizyolojik sinyalleri diisiik giiriiltiili  olarak  6n-
kuvvetlendirmesi  gibi avantajlarindan  yararlanir. MOSFET'in  elektrotta
kullanilmasi, yapis1 geregi gecit terminalinin transistor govdesinden elektriksel
olarak izole edilmis olmasi nedeniyle, cilt ve Ol¢iim iinitesi arasindaki yalitimi
saglar.

Kapsamli bir giris boliimiiniin ardindan elektrot tasarimi ile ilgili
kargilagtirmali ve giincel ¢aligmalara, ilgili ¢alismalar bdliimiinde yer verilmistir.
Tezin {igten altinc1 boliime kadar olan kisimlari, okuyucuya teorik bir temel
olusturmay1 amaglar. 3. Boliimde, yaygin olarak kullanilan biyoelektrotlarin genel
bir 6zeti verilmistir. Ideal bir biyoelektrotun dzellikleri agiklanmustir. Daha sonra,
elektrot-deri arayiizliniin elektriksel agidan degerlendirilmesine yer verilmistir.

Cildin biyopotansiyeller iizerinde énemli etkileri vardir ve bu nedenle 4.
boliim, insan derisinin yapisal ve elektriksel 6zelliklerine ayrilmistir. Elektrolitik
jelin 6zellikleri de bu bdliimde ele alinmustir.

Karbon nanotiipler bugiiniin ve gelecegin teknolojisinde kilit bir
konumdadir. 5. boliim, karbon nanotiiplerin miikemmel 6zelliklerinden sorumlu
olan karbon atomlarinin bag yapilarini agiklamaktadir. Bu bdliimde ayrica,
nanotiiplerin yapisal ve elektronik 6zellikleri ile birlikte nanotiip iginde elektron

iletimi de agiklanmaktadir.
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Boliim 6'da, yar1 iletken mikrofabrikasyonunun temel islemleri adim adim
tanimlanmugtir. Alttas malzemesinin epitaksi islemi ile biyiitiilmesini, silikon
dioksit tabakasi olusturmak igin termal oksidasyon asamasi izler. Alttag
malzemesinin direncini degistirmek icin katkilama atomu difiizyonu islemi
anlatilmistir. Implante edilmis bolgeler olusturmak, alttas {izerinde oriintiiler
sekillendirmek ve bazi bolgelerin kazinmasi islemleri i¢in iyon implantasyonu,
fotolitografi ve asindirma adimlar1 ayrintili olarak agiklanmistir. Bu boliim, cihazin
baglanti pinlerini olusturan metalizasyon isleminin agiklanmasiyla sona ermektedir.

7. bolimde, kullanilan CDKNT"iin elektriksel esdegeri ¢ikartilmistir. Her
bir nanotiipiin direnci, kapasitansi ve endiiktans1 hesaplanmistir. Onerilen 6zgiin
elektrotta kullanmilan MOSFET tasarlanmis ve bolim 6'da  belirtilen
mikrofabrikasyon adimlar1 gergeklestirilmistir. Mikrofabrikasyon iglemlerinin
kaynak kodu Ek A'da mevcuttur. MOSFET parametreleri, bilgisayar destekli
tasarim programindan (TCAD) elde edilmis ve elektronik devre simulasyon
programinda (SPICE) CDKNT parametreleri ile birlestirilmistir.

Onerilen yeni elektrot modelinin test edilmesi ve ¢alismanin sonucu 8. ve
9. boliimlerde yer almaktadir. Onerilen elektrot devresi esdegerinin ve yaygin
olarak kullanilan 1slak elektrot devre modelinin simiilasyon sonuglar
kargilagtirilmigtir. Kargilastirma igin cildin iki farkli durumu dikkate alinir. Bunlar
Ol¢iim i¢in hazirlanmis olan ve 6l¢lime hazir hale getirilmemis cilt durumlaridir.
Massachusetts Institute of Technology Beth Israel hastanesi veritabanindan segilen
elektrokardiyogram (EKG), elektromiyogram (EMG) ve elektroensefalogram
(EEG) sinyalleri karsilastirilan elektrotlara giris olarak kullanilir. Ug elektrot
modelinin simiilasyon sonuglari, 6nerilen elektrot modelinden elde edilen sinyal
genliklerinin giris sinyalinin % 93,27'sini korudugunu, buna karsin 6l¢iime hazir
hale getirilmis ve hazirlanmamus cilt yiizeyleri iizerinden 1slak elektrotlardan alinan
sinyal genliklerinin giris genliklerini sirasiyla % 48,26 ve % 0.99 korudugunu
gostermektedir. Ek olarak, onerilen elektrot modelinin yar1 hiicre potansiyeli, 1slak

elektrotlarinkinden 6nemli 6lgiide daha diigiiktiir.
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Elde edilen biyopotansiyel sinyallerin Fourier doniisiimleri de yukarida
bahsedilen sonuglar1 desteklemektedir. Onerilen elektrot modelinin aksine, 1slak
elektrotlardan elde edilen biyopotansiyeller igin giiriiltii bilesenlerinin genlikleri
o6nemli Ol¢iide artmustir.

En kotii durum sartlarinda benzetim gergeklestirilmesine ragmen, 6nerilen
modeli en yiiksek kalitede sinyalleri elde etmistir. Onerilen elektrotun sinyal-
gliriiltli orani, 1slak elektrotlarinkinden daha yiiksektir. Simiilasyon sonuglari,
onerilen elektrotun verimliligini gdstermis ve kanitlamigtir.

Onerilen elektrot, biyolojik sinyallerin 6l¢iim kalitesini arttirir, stratum
korneum tabakasindan kaynaklanan giiriiltiiyli azaltir, elektrolitik jel kullanimini
ortadan kaldirir ve uzun siireler boyunca duragan bir temas empedansina olanak
saglar niteliktedir. Simiilasyonlar, elektrotun kullanilabilirligini ve Onemini
gostermektedir. Bu elektrot, biyouyumluluk sorunlari gostermeden, cilt ylizeyi
asindirmasi islemini ortadan kaldirarak elektrolitik iletken jel kullanimina gerek
duymadan uzun vadeli Ol¢iimler igin elektrofizyolojik sinyalleri elde etmede

kullanilabilir.
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1. INTRODUCTION

Bioimpedance, bioelectricity, and the electrical properties of tissue are
pretty about similar things except for minor differences. Bioimpedance is the
ability to resist (impede) electrical current flow of the related medium.
Bioelectricity deals with the generating electricity ability of tissue, for example,
done by the brain (electroencephalography, EEG). The electricity formed directly
by the tissue itself is called endogenic, while the electricity that applied to the
tissue for measuring bioimpedance is exogenic. Such electricity and the electricity
externally applied for controlling the tissue are also concerned bioelectricity.

The electrical properties of tissue behave as a volume conductor or a
dielectric. A dielectric material is characteristically an insulator that is capable of
storing electrical energy under an electrostatic field. Tissues are generally
electrolytic conductors in the frequency range smaller than 100 kHz. It is possible
to extract some essential electrical parameters of tissue, such as resistive and
capacitive properties, by modeling techniques even in low frequencies.

Endogenic bioelectrical signals, also called electrophysiological signals
occur in the nervous, muscular, and glandular tissues originated from
electrochemical activities of excitable cells. Tissues of the human body act as a
volume conductor and related electrophysiological signals propagate through the
tissues. Therefore, an electrophysiological signal can be measured by electrodes
from the human skin surface. Tissue contacted electrodes are used in the
bioimpedance and bioelectricity applications. The instrumentation device is
composed of electronic circuits and cables connected to electrodes. In the
instrumentation device part, charge carriers are electrons, while the charge carriers
in the tissue part are ions. The electrode is a device that converts charge carriers
from electrons into ions or vice versa.

The electrophysiological signals, captured on the skin surface, contain

important information about concerned organ functions, whether regular or
1



1. INTRODUCTION Mustafa ISTANBULLU

pathological. In addition to the electrophysiological signals, there are also
undesired signals due to noise, artifacts, and interference occurring in the order of
microvolts or millivolts. Briefly, a biological potential must be noise-free to be
clinically valuable. Since undesired signals mainly appear by depending on the
measuring electrode, electrodes are crucial in terms of signal quality in a biological
measurement system.

In clinical applications, standard biopotential electrodes, described in
section 3.1.4, require the use of electrolytic gel and skin abrasion for better
electrical interface between the electrode and skin. Since gel dries out over time,
signal deterioration occurs on long-duration recordings with wet electrodes. Dry
electrodes are a promising alternative for long-duration recording; nevertheless,
they suffer from high contact impedance and motion artifacts. In this section of the
thesis, the design of a novel MWCNT modified MOSFET based skin electrode to
overcome mentioned problems is introduced.

Electrophysiological signals in the nervous, muscular, and glandular tissues
originate from electrochemical activities of excitable cells. These electrical signals
contain essential information about concerned organ functions, whether healthy or
pathological. In addition to required bio information signals, there are also
undesired signals due to noise, artifacts, and interference occurring in the order of
microvolts or millivolts. Briefly, a biological potential must be noise-free to be
clinically valuable. Since undesired signals mainly appear by depending on the
measuring electrode, electrodes are crucial in terms of signal quality in a biological
measurement system.

Electrodes made of many various materials with different arrangements
can be found in the literature. Today, silver/silver chloride electrodes are the most
widely used in clinical practice due to their low and stable half-cell potential, low
noise level, non-polarity, and small metal-electrolyte resistance. Additionally,

electrodes made of platinum, gold, and steel are also available.
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While measuring electrophysiological signals from the body surface, the
contact impedance between the electrode and the skin surface also has a significant
effect. The surface of the skin is abraded to reduce this impedance by cleansing the
skin surface from dead cells, fat layer, and hair. This process may cause pain
and/or irritation of the skin surface. Furthermore, in multiple electrode
measurements, it is a time-consuming process to prepare the surface for each
electrode. On the other hand, measurements taken from non-abraded surfaces
suffer from high electrode—skin impedance, motion artifacts, high power-line
interference, and noise.

In clinical applications, a conductive electrolytic gel is generally used for
increasing the conductivity and contact surface area between the skin and the
electrode. The conductive gel diffuses inward through the skin surface and reduces
the contact impedance. However, in long-term measurements, the gel dries out, and
the measurement quality of the signal decreases gradually (Abu-Saude & Morshed,
2015). Allergic reactions on the skin surface may also occur.

In order to develop an electrode or design a novel measurement system,
circuit equivalent models of skin, gel, and electrodes are required. Figure 1.1 shows
the electrical equivalent circuit model of standard commonly used wet electrode in
contact with skin. The use of electrolytic gel adds extra layers increasing the
complexity of the electrode equivalent circuit model.

The interface between the electrode and electrolytic gel consists of a

capacitance (C;) and a resistance (R;) parallel to each other. These components

refer to the polarizing effect resulting from the ionic differences between the

electrode and the electrolyte. Similarly, at the interface of electrolyte and living

epidermis tissue, a potential difference (E), capacitance (C,), and resistance
(R,) develop. Additionally, the resistive effect of the dermis and subcutaneous

tissue is also modeled with a resistance (R,).
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Figure 1.1
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Equivalent electrical circuit model of the standard wet electrode in
contact with the skin surface.

On the other hand, dry electrodes allowing gel-free measurements are often

preferred for long-term measurements. There are many different dry electrodes,

from a simple disk electrode made of stainless steel to silicon-based micro-

fabricated electrodes with an on-chip amplifier. However, high contact impedance,

high interface potential, and low signal quality problems appear in dry electrodes

due to the absence of gel (Chi et. al., 2010).
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2. RELATED WORKS

The purest form of a dry electrode is a flat conductive metal that contacts
the body surface. Valchinov and Pallikarakis redesigned this electrode with a built-
in amplifier to measure as successful as the wet electrodes (Valchinov &
Pallikarakis, 2004). Rubber, fabric, and foam-based dry electrode types became
popular with easy to use flexible structures. They also increase the contact surface
(Gargiulo et al., 2008), (Mestrovic et al., 2007), (J. Yoo et al., 2009). However,
conductive polymer-based promising electrodes, such as polypyrrole and
polydimethylsiloxane, have contact problems to the human skin. To improve skin
contact, Wang et al. have designed a polydimethylsiloxane-based electrode
utilizing needle tips through hair (Wang et al, 2012). Nevertheless, the
uncomfortable usage of these electrodes in the literature is unfavorable for long-
term measurements (Chiou et al., 2006), (Grozea et al., 2011). Although the
electrode design based on the inkjet principle using silver ink has low electrode
impedance, these devices have toxicity problems (Xie et al., 2012).

The literature also includes dry biopotential electrodes designed using
carbon nanotubes. Jung et al. designed an electrode consisting of a carbon nanotube
and polydimethylsiloxane compound. The electrical and mechanical characteristics
of the electrode were investigated depending on the density and thickness of the
carbon nanotube. The electrode exhibited acceptable results despite the motion of
the measured region and the sweating. Carbon nanotube utilization also exhibits
biocompatibility (Jung et al., 2012). Electrocardiogram signals taken with the
electrodes for seven days did not show any time-dependent deterioration.
Additionally, no allergic reaction was observed on the body surface.

In general, the aforementioned dry electrodes have suffered from problems,
such as low-quality surface contact with high impedance, the large potential
difference at the interface, polarization, and high interface noise. Griss et al. have

proposed a biopotential electrode designed by the micro-manufacturing method to
5
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overcome these problems. In that work, the electrode has a very sharp array of
needles in micron dimensions. These needles are intended to penetrate deep into
the upper layer, which causes high impedance problems on the body surface. The
needles were coated with silver-silver chloride. The electrode—skin impedance of
the electrode designed in 4x4 mm’ dimensions was reduced with respect to
commercially available wet and dry electrodes. The electrodes also applied low
amplitude electroencephalogram signal acquisition, and high measurement quality
was achieved. Although these electrodes performed high-quality signal acquisition,
they are not suitable for long-term measurements, in terms of hygiene, patient
comfort, and safety. Additionally, researchers have noted that the electrode causes
irritation and pain on the skin surface. The electrode should be disposable and must
be sterilized before each use for the mentioned reasons (Griss et al., 2001).

Carbon nanotubes are also used in dry electrode designs to overcome high
skin surface impedance problems by the absence of electrolytic gels as an
alternative to metallic needle electrodes. The carbon nanotube utilized dry
electrophysiological electrode model developed by Ruffini et al. is based on multi-
walled carbon nanotubes (MWCNT) grown on a silicon disk (Ruffini et al., 2006).
In the mentioned study, MWCNT arrays of 10-15 um length with 50 nm diameter
were grown on the silicon discs. Next, the silicon disk with carbon nanotubes is
connected to a commercially available active electrode. The results demonstrated
the robustness and affectivity of the carbon nanotube containing dry electrode with
respect to commercially available Biosemi Active 2 wet electrodes (Ruffini et al.,
2006).

Abu-Saude et al. investigated the feasibility of vertically aligned carbon
nanotubes for dry electrodes. MWCNTs were grown on circular stainless steel to
obtain the dry electrode. Carbon nanotubes were in 1-1.5 mm in length on discs
with gaps ranging from 50 to 200 um. It was observed that the vertically aligned
carbon nanotube electrode has low interface impedance and comparable signal

quality with respect to standard dry and commercially available wet electrodes
6
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(GS-26, Bio-Medical Instruments, USA). In the long recordings taken over a week,
a very small deterioration has occurred on signals. Although electrode attached to
skin provides high signal quality, nanotubes can reach nerve cells and cause pain
due to millimeter range length (Abu-saude et al., 2015).

Studies in the literature show that electrodes designed by carbon nanotubes
usage in proper sizes can easily reduce the high contact impedance and overcome
problems encountered in electrophysiological signal acquisition.

In this thesis, a new active electrode with an increased contact surface by
utilizing carbon nanotube is proposed. Carbon nanotube utilization also provides
stable contact that leads to reduce motion artifacts. Additionally, the proposed
electrode overcomes the necessity of electrolytic gel. These advantages are
obtained using vertically aligned metallic carbon nanotube array grown on the gate
of depletion type n-channel MOSFET. MOSFET in the electrode provides some
advantages for the system, such as direct charge—current conversion, high dielectric
insulation between skin and instrumentation unit, and low-noise pre-amplification
of electrophysiological signals.

The MOSFET parameters are extracted from a technology computer-aided
design simulation environment and combined with carbon nanotube parameters in
a simulation program for integrated circuits emphasis. A simulation program for
integrated circuits emphasis model of the proposed electrode is interfaced with the
skin circuit equivalent for integrated circuits emphasis. The proposed electrode
model was compared with a wet electrode model on contact with prepared and
unprepared skin. The simulation results demonstrated the efficiency and signal

acquisition quality of the proposed active electrode.
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3. BIOELECTRODES

Electrodes made of many various materials with different arrangements

are used in the biomedical applications, including:

a. Observing electrophysiological signals such as electroencephalogram
(EEG).

b. Therapeutic impulse applications such as defibrillation and transcutaneous
electrical nerve stimulation.

c. Transdermal drug delivery processes by use of electrical potentials.

d. Electrical property extraction of tissues such as impedance by using the

alternating current (AC) signals.

Charge carriers are ions in the tissue and are electrons in the
instrumentation system. The transfer of charges between electrons and ions occurs
at the electrode-skin interface. The charge transfer process has significant
importance for designing an electrode. Undesirable impedances and potentials that
leading distortions on the measured electrophysiological signal take place at the
electrode-electrolyte interface and the electrode-skin contact.

Body-implanted electrodes are usually produced from noble and inert
materials to avoid interactions with surrounding tissues. However, this choice
induces arising interface impedances and potentials. Low and stable interface
impedance and potential at electrode contact are imperative to minimize artifacts
and distortions on measured signals. Non-implanted electrodes, in other words,
external electrodes do not require noble or inert materials but generally use high
electrical performance materials like silver-silver chloride (Janz & Ives, 1968).
Nonetheless, by using this type of electrodes, the problem of the skin with
impedance and unstable potential must be considered. Additionally to the

electrophysiological signal, the potential difference between two electrode-skin
9



3. BIOELECTRODES Mustafa ISTANBULLU

contacts is amplified by the instrumentation system. The difference amplifier part
of the measurement system is saturated and could not cancel the contact potential
mismatches if they were in large amplitudes. If electrode-skin contact potential
mismatches are in small amplitudes and stable, it is amplified with the desired
signal. Thus, a constant voltage shifting, as called baseline-drift, takes place on the
scope screen. The baseline-drift generally not a significant problem and can easily
be removed. The major problem, in this case, is a non-stable (fluctuations with
time) mismatch of the contact potentials. The non-stability varies the baseline-drift,
and it is no longer constant. In such a case, the filtering process is not an optimum
solution since some critical components of the desired signal are eventually
removed. The contact impedances in nonignorable amplitudes according to the
input impedance of the amplifier also lead to signal attenuation as a result of the
voltage divider effect. The contact impedance is a frequency-dependent parameter.
The frequency-dependency induces a parallel capacitance at the electrode-skin
interface. In the high frequencies, the impedance of the parallel capacitance effect
is minimal, and no attenuation of the electrophysiological signal exists. However,
low-frequency components of the desired signal can be attenuated since the
impedance of the parallel capacitance effect is very large in low frequencies. The
entire signal is not only attenuated but also distorted. Such a case the
instrumentation system behaves as a high pass filter, and for an electrocardiogram
(ECGQG) signal, amplitudes of P, S, T waves are reduced.

Powerline interference can be amplified together with captured
electrophysiological signals due to the contact impedance mismatches. A
displacement current flows through from 50/60 Hz power line to instrumentation
system, patient, and ground. The displacement currents may also flow through
between two electrode contacts if the contact impedances are not identical. At the
differential amplifier part of the measurement system, a 50/60 Hz offset voltage
proportional to the impedance mismatch occurs on the measured

electrophysiological signal (Neuman, 2010).
10
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Some other biomedical applications, such as electrical impedance
tomography, apply small voltages or currents to the tissue and capture the resulting
signal. Then the electrical properties of related tissue can be extracted. In these
types of applications, contact impedance mismatches and magnitudes may cause
distortions (McAdams et. al., 1996).

The electrical properties of the electrode-skin contacts have significant
importance in biomedical applications. Ideally, an electrode-skin contact should

possess the following properties.

a. Low (ideally zero) and stable electrode-skin contact potential

b. Low (ideally zero) and identical electrode-skin impedance at two contact

The contact impedance and contact potential concepts at the electrode-
electrolyte and electrode-skin interfaces are described in profoundly in the

following sections.

3.1.Electrical Properties of Electrode-Skin Interface
As briefly summarized in the previous section, the electrode-skin interface
cause to contact impedance and contact potential that lead to distortions on the

captured electrophysiological signal.

3.1.1. The Electrode-Electrolyte Potential
When an electrode is contacted to skin with an electrolyte, charge transfer
over the metal-electrolyte interface takes place, as a result of oxidation-reduction

reactions.

MO M"™+ne (3.1

11



3. BIOELECTRODES Mustafa ISTANBULLU

In the equilibrium circumstances, the rate of losing electrons of metal
atoms is completely the same as the rate of gaining metal ions from the electrolyte.
The amount of current from metal to the electrolyte is the same as current from the
electrolyte to metal. Thus, the total current is zero since the currents in opposite
directions cancel out each other. Although the total current at the electrode-
electrolyte interface is zero, a voltage difference takes place at the interface. The
voltage difference or potential depends on the charge concentrations of equilibrium
given in (3.1). In general, the electrolyte is positive with respect to the metal. The
potential at the interface under equilibrium conditions is called half-cell potential
(Bard et al., 1944). It is impossible to measure the half-cell potential of an
electrode, and researchers measure this interface potential with respect to a
standard hydrogen electrode (SHE). SHE is the universal reference electrode, and
its half-cell potential assumed as zero.

If two electrodes with the same metal attached to the skin, each interface
constitutes the same half-cell potentials. At the input of the differential amplifier,
two identical potentials cancel each other, and the effect of potential is eliminated.
On the other hand, electrolyte and metal concentration differences lead to an offset
voltage on the measured electrophysiological signal. The offset voltage is not a
significant problem; however, fluctuations over time lead distortions on the desired

signal, as stated before.

3.1.2. The Electrode-Electrolyte Impedance

Charge carriers are electrons in the instrumentation unit, while are ions in
the electrolytic gel or the tissue. An electrical charge transfer occurs at the interface
of electrode skin contact. When an electrode is in contact with an electrolytic gel,
the ion concentration at the interface plane will be distributed. Metallic ions tend to
adsorb into the gel, while ions from the gel tend to combine with metal under the
effect of the electrostatic attraction. Eventually, an ion separation between the

electrode and its surroundings is formed. Negatively charged metal ions are
12
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grouped at the boundary of the electrolyte, and equal but positively charged ions
are grouped at the boundary of the metal electrode. Two layers with a small
distance between each other are called double-layer, and such forming acts as a

capacitor. This capacitance is termed as interface capacitance, C, (Webster, 2006).

Due to the redox reactions at the interface, given in (3.1), a dc leakage
current that shunting interface capacitance, flows between the double layers. The
resistance which resists to dc leakage current is called charge transfer resistance

R, and can be obtained from the Butler-Volmer equation (Rubi & Kjelstrup, 2003).

L (3.2)
nF i,

where R is the universal gas constant, T is the absolute temperature (K), n is the

number of electrons involved in the reaction, F is the Faraday constant, i,is the

exchange current under equilibrium conditions.

It is obvious from the equation (3.2), interface resistance is inversely
proportional to i, . If the exchange current under the equilibrium conditions is large
enough (depending on the electrode), charge transfer resistance is said to be small.
A suitable electrode is characterized by small charge transfer resistance, and the
desired signal can be transferred by a small voltage drop at the interface. The
electrode-skin interface can be represented by an electrical circuit model shown in

Figure 3.1. E,, and R, represent the half-cell potential and relatively small

resistance of the electrolyte, respectively.

13
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Figure 3.1 Equivalent circuit model of the electrode-electrolyte interface.

At low frequencies, the total impedance of the electrode-electrolyte

interface is equal to R, + R, since the C, is open circuit. Note that the impedance
will be varied by increasing frequency due to the frequency dependency of C,

capacitance. At a specific frequency f;, the impedance of the C, becomes very
small compared to R, and can be negligible. In such a case, the total impedance of

the electrode-electrolyte interface is equal to only R, .

3.1.3. Polarization

The half cell of an electrode is measured in the case of non-existence
electric current between electrode-electrolyte in the standard ambient temperature
and pressure (SATP) conditions (T=25°C and P=100kPa) (Council, 2011).
However, the half cell potential highly depends on temperature, ionic activities,
and current. The difference between reference and measured half cell potentials is
called overpotential (Plonsey & Barr, 2007). Three specific factors cause this
phenomenon. The first is current existence at the electrode-electrolyte interface.
The current flow unbalances the equilibrium conditions and leads to variations on
the half cell potential. The resistivity of the electrolyte also depends on the amount
of current flow. Therefore a voltage drop occurs along the path of the current in the
electrolyte. The second factor is the concentration overpotential. In the equilibrium
conditions, redox reaction rates in both directions are equal. During the current

flow, the equilibrium can not remain its conditions, and ion distribution is changed
14
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in the electrolyte. Thus, the redox reaction balance is failed and leads to alter half
cell potential. The third factor is the activation energies of the redox reactions. In
the state of equilibrium, activation energies of the reactions are equal. Due to the
dominance of any of these reactions in the non-equilibrium state, activation
energies can not remain equal. This situation is called activation overpotential and
causes to variations on half cell potential. Three situations described above
unbalance the equilibrium conditions of the electrode and lead to change electrode
interface potential. This change is defined as polarization.

If an electrode said to be polarizable, no current occurs between electrode-
electrolyte interfaces. Polarizable electrodes show the same characteristics as an
ideal capacitor. However, if a current flow through the interface, the electrode is
described as non-polarizable. In practice, there not exist either perfectly polarizable
or perfectly non-polarizable electrode. Characteristics of an electrode are situated
between these two extremities (Yazicioglu, Hoof, & Puers, 2008).

An electrode with a small value of charge transfer resistance (R, ) can

transfer the current nearly unimpeded, wastes minimum energy, leads to very low

overpotential, and assumed comparatively non-polarizable (McAdams et al., 1996).

3.1.4. Electrodes For Electrophysiological Measurements

Electrodes for electrophysiological recordings are designed not only to
capture biopotentials but also to reduce the noise. The design of the electrode
should concentrate on obtaining biopotentials with high quality, long term usage
ability, and reducing the manufacturing cost.

An electrophysiological electrode is usually excessively conductive metal
that connected to the skin via an electrolytic gel (Neuman, 2010). Silver-silver
chloride electrodes are commonly used in practice and have the lowest and stable
interface potentials (Geddes & Baker, 1970). Measurements require the use of an

electrolytic gel that generally consist of sodium-potassium chloride since the

15
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interface characteristics are the fundamental origin of the noise. The molar
concentration of the electrolytic gel is about 0.1 M and constitutes increases
contact surface area between electrode and skin (Thakor, 2014). Figure 3.2a shows
the typical reusable electrophysiological electrode that is generally made of silver-
silver chloride disks. The electrolytic gel is typically available on the center of the
electrode or applied by the practitioner externally. The electrode is fixed to the skin
by an adhesive tape and wired to the instrumentation unit by a snap connector.
Disposable electrodes shown in Figure 3.2b are designed with similar principles as

silver-silver chloride electrodes and usually suitable for long-term applications.

Double-sided
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eI ‘i— Casing

AgligCl Le Ag disk
(a) (b)
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Figure 3.2 Commonly used electrophysiological electrodes: (a) Disposable Ag-
AgCl electrode, (b) reusable disk electrode, (c) reusable gold electrode,
(d) disposable conductive polymer electrode, (e) needle electrode
(Thakor, 2014).

The gold is a highly conductive and inert material. In order to measure
small amplitudes such as EEG, reusable gold electrodes given in Figure 3.2¢ are
often preferable (Neuman, 2010). The electrode is designed as inwardly recessed to
apply electrolytic gel externally (Schomer & da Silva, 2017). The elastic bandages
are used to attach the electrodes on hair-free sites of the scalp. Although gold

electrodes provide low interface impedance and inertness, they suffer from high
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interface potential and expensiveness with respect to silver-silver chloride
electrodes.

Some specific polymer materials are conductive, as well as self-adhesive
and used for the electrophysiological electrode. The polymer electrode is in contact
with a metallic back to constitute an electrical connection with the instrumentation
unit, as seen in Figure 3.2d. These type of electrodes does not require the use of
electrolytic gel. The electrical properties of polymer electrodes indicate higher
resistivity and the possibility of artifact on signal than metallic electrodes. Signal to
noise ratio of polymeric electrodes is also smaller than metallic electrodes.
Although it suffers mentioned disadvantages, polymer electrodes are cheap and
desirable for the recording high amplitude signals in the sites of restricted
movement (Thakor, 2014).

Practitioners or researchers used metallic electrodes such as stainless steel
in the earlier times due to its robustness and reusability; however, they are rarely
preferred since high-quality and cheaper electrodes are available today (Webster,
2006). The metallic electrodes are highly resistive, noisier, and lead to generate
more artifacts on the signal according to its competitors. On the other hand, due to
their cheapness, reusability, and flexibility, they are preferred for electrical
stimulation applications (Neuman, 2010).

In the case of recording signals not from skin surface but from tissue or
organ itself are required, needle electrodes given in Figure 3.2e are used. The
needle electrodes are a specific class of invasive electrodes. Its most common
applications are capturing signals directly from muscle fiber, heart, or the motor
unit itself. Due to this type of electrodes are invasive and have infection risks, their
use is limited (Thakor, 2014).

Finally, considering the clinical requirements and designs mentioned
above, a high-quality electrophysiological electrode should ensure the following

electrical characteristics (Webster, 2006):
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Low and stable interface potential.
Low interface impedance.

Low inherent noise.

A small value of charge transfer resistance.
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4. THE SKIN

4.1.Structure of the Skin
The skin is a layered organ that covers the human body. There are three
primary layers, which are named as epidermis, dermis, and subcutaneous layer.
The cross-section area of the human skin is given in the Figure 4.1. The outermost
layer with a thickness of about 50um on the scalp and 100um on the foot sole is
called the epidermis. The epidermis behaves as a high strength barrier to protect the
body from the environment and renews itself consistently. It is also composed of a
layered structure. The outer layer, stratum corneum (SC), is highly inhomogeneous

and contains compacted, flattened, and non-nucleated cells. This dead cell layer has

% Epidermis

Dermis

}- Subcutaneous
tissue

Figure 4.1 The cross-section area of the human skin

an average thickness of about 10-15 pm.

The layer containing blood vessels, hair follicles, sweat glands, and oil is
called dermis. The thickness of the dermis layer is approximately 2 mm, and the
nerve endings exist in this layer. Finally, the subcutaneous layer is found

underneath the dermis that contains connective tissues and fat storage.
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4.2.Electrical Properties Of The Human Skin

The SC layer of the skin is a highly resistive medium and exhibits high
impedance to the electrical current transmission (Plonsey & Barr, 2007). The skin
impedance produces the maximum contribution to the overall interface impedance.
Additionally, a capacitive effect of SC layer occurs, since the SC is sandwiched
between two conductive medium, the electrode, and the conductive tissue. This
construction can be thought of as a parallel plate capacitor (Neuman, 2010). The

circuit equivalent of the SC layer can be represented by a high-value resistance

(R,), and a capacitance (C,), parallel to each other. The conductive subcutaneous

tissue is represented electrically by a resistance (R, ).

Electrical equivalents of the skin and electrode can be combined to model
the overall circuit equivalent of an electrode in contact with the skin, as given in

Figure 4.2.

» wire

electrode
electrolytic gel
stratum corneum (SC)

L]

= stratum germinativum

dermis

v

-
Cy Cq electrode-gel interface
-
R, electrolytic gel
E:s gel-5C interface
-
R, Cy stratum corneum
b 8
R, stratum germinativum and subcutan

Figure 4.2 Equivalent electrical circuit model of the standard wet electrode in
contact with the skin surface.
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The SC layer highly determines the impedance of the human skin in the
frequencies below 10 kHz. However, the impedance mostly depends on the living
skin at higher frequencies. According to the literature, the SC layer causes %98 of
the skin impedance at 10 Hz, while it causes only %10 at 100 kHz (Grimnes,
2014).

4.3.The Electrolytic Gel

Dry electrodes are used in some types of biomedical applications
(McLaughlin, McAdams, & Anderson, 1994). Washable and reusable
noncorroding electrodes such as stainless steel are available for using home
environment applications; however, they suffer from their poor -electrical
properties. A typical dry electrode is a simple flat metal; conversely, the skin
surface is crinkled. Thus, the surface area of contact is not uniform. Researches in
the literature show that the dry electrode impedance decreases over time since the
sweating or hydration of underlying tissue increases the contact surface area over
time (Searle & Kirkup, 2000).

The electrolytic gel application increases the contact surface area between
the electrode and skin that provides better electrical performance. The ions in the
electrolytic gel enable the charge transfer at the interface, and therefore contact
resistance is reduced (Webster & Clark, 2010).

In practice, there are mainly two types of electrolytic gels as wet gels and
hydrogels. The wet gels usually consist of water, a thickening agent, a
bactericide/fungicide, an ionic salt, and a surfactant (Webster, 2006). The ionic salt
(generally NaCl or KCl) supplies the electrical conductance. The electrolytic gel

diffuses to the skin over time and leads to a decrease in the SC layer impedance.

The parallel resistance of the SC layer (R, ) also decreases exponentially over time,

as seen in Figure 4.3 (McAdams & Jossinet, 2000). The duration of reaching a

steady-state of skin resistance is inversely proportional to the electrolytic gel
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concentration. However, the tissue can not stand with long-term application of high
concentration electrolytic gel. The NaCl concentration of body fluids is about
9%0.9, and during the long-term high concentration gel application, skin irritation or

allergic reactions may occur (Abu-Saude & Morshed, 2015).
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Rsp Low concentration NaCl

electrolyte

High concentration NaCl
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Figure 4.3 The change of skin resistance over time

The hydrogels are solid and based on the use of natural hydrocolloids. The
hydrogel applications do not require the sponge in electrodes and produced by
serigraphy techniques. This type of gels are preferred for flexible electrode array
applications and causes fewer skin irritations. Since the gel is solid and flexible,
they provide better interface contact of the electrode to the skin. However,

hydrogels show more resistive properties according to the wet gels.
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5. CARBON NANOTUBES

Since the discovery of multiwalled carbon nanotubes (MWCNTSs) in 1991,
carbon nanostructures, particularly carbon nanotubes, have attracted considerable
attention due to their excellent electrical, mechanical, and chemical properties.
Nowadays, CNTs are used pretty much in researches and applications such as
chemical/biological separation, energy storage, composites for coating, sensors,
nanoelectronic devices, and field emissions (Meyyappan, 2005). There are several
synthesis methods of CNTs, such as arc discharge, laser ablation, and chemical
vapor deposition. All techniques also have their variants, and all of them have
advantages as well as disadvantages (Harris, 1999).

To understand its structure, a single-walled CNT (SWCNT) can be
basically presumed as a rolled-up sheet of graphene, as given in Figure 5.1. CNTs
are categorized according to the rolling orientation of graphene, such as zigzag,
armchair and chiral. On the other hand, MWCNTSs consist of many concentric
shells of SWCNTs with different diameter. Thus, properties of MWCNT are pretty
different from SWCNT’s.

Figure 5.1 A CNT as a rolled-up graphene sheet.
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5.1. Bonding of Carbon Atoms

The bonding characteristic of carbon atoms must be explained first to
understand the structure and electronic properties of CNTs.

A carbon atom contains six electrons and two of them occupy the 1s

orbital. Other four electrons fill the sp, sz or Sp3hybrid orbitals. These

hybridized orbitals are responsible for forming of fullerene, diamond, nanotube or

graphite structures as shown in Figure 5.2.
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Figure 5.2 Bonding structures of carbon atoms.

In diamond, the four valence electrons of an atom forms the Sp3

hybridization (Prelas et. al., 1998). These electrons constitute four covalent o
bonds with other four carbon atoms. This bonding structure is responsible for the
hardness of the diamond. Since all electrons form covalent o bonds and

nonexistence of free electrons, the diamond is electrically insulating.
In graphite, three valance electrons of a carbon atom form sz

hybridization in a planar structure. The three outer-shell electrons, covalent o
bonded with the other three carbon atoms, form a hexagonal sheet. Van der Waals

force holds these planar sheets in parallel to each other. The space between two
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successive sheets is 0.34 nm. The remaining fourth out-of-plane electron makes the
graphite electrically and thermally conductive (Kelly, 1981).

As mentioned above, a carbon nanotube can be viewed as a rolled-up sheet
of graphene (graphite sheet). The bonding in a nanotube is fundamentally sz . On
the other hand, the nanotube's cylinder structure leads to quantum confinement, and
o — 7 hybridization occurs. In this curvy structure, three ¢ bonds are partially out
of the plane. On the contrary, 7 bonds are distributed over outside of the nanotube.
This specific bonding structure is responsible for the unique properties of CNT. A
CNT is electrically and thermally more conductive, mechanically more reliable and

chemically more active than graphite.

5.2.Electronic Properties of Carbon Nanotubes

As the physical and electronic properties of CNTs are derived from those
of graphene, some characteristic properties of graphene are explained concisely,
and then properties of CNTs are given.

A graphite sheet, graphene, is a two-dimensional honeycomb crystal
structure, as shown in Figure 5.3. It can be represented by a C vector with regard to

two integers (n,m), and n>m. This set of integers corresponds to unit cell vectors

of the graphene, & and @, (Reich et. al., 2004).

C=na +ma, (5.1

where |a1| =|a2| =0.246nm . Diameter of the nanotube denoted as (n,m)is given in

Equation 5.2.

[ n2 2
D =024 tNM+M (5.2)
T
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The chiral angle, 6, is given by Equation 5.3.

1 V3 (5.3)
2+/n* + nm+m?

0 =sin”

Theoretical and experimental studies show that a carbon-carbon bond
length is 0.142nm, while the spacing between two tubes is 0.34nm (Harris, 1999).
Thereby, Equations (5.1) to (5.3) can be used to model and simulate different

nanotube structures.

Figure 5.3 Structure of a graphene layer annotated with (n,m).

Rolling graphene in different directions results in different structure
nanotubes such as zigzag, armchair, and chiral. Nanotubes in n=m arrangement
are called armchair, while in m=0 1is referred zigzag. All other (n,m)
combinations are called chiral nanotubes with a specific chiral angle, @

(Meyyappan, 2005). Figure 5.4 shows the three types of SWCNTs.
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(7,10) nanotube X (10,10) nanotube i
(chiral) (armchair) ]

Figure 5.4 3-dimensional models of zigzag,chiral and armchair nanotubes

The rolled graphene forming CNT enables the periodic boundary

conditions along the nanotube circumference (C direction). From this point, (n,m)

indices not also specify the structure of CNT but also determine the conductance
type. Dresselhaus et al. show that, in the condition given in Equation 5.4, metallic

conduction occurs in CNT (Saito et al., 1998).

n—-m=3q (5:4)

where ( is an integer. As a summary, all CNTs in the armchair arrangement are
metallic, while one-third of zigzag and chiral CNTs are metallic, and the others are
semiconducting.

The E - k function or, in other words, the dispersion relation of graphene

is given in Equation 5.5 (Hanson, 2008).
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k.a

k,a
\/gkxa)cos(%) +4cos’ % (5.5)

2

E(k,.k,) =i7/\/1+4cos(

where y is the bonding energy, a is lattice constant, and (kx,ky) are electron

wave vectors in X and y directions, respectively.
The energy dispersion diagram of the graphene crystal is shown in Figure
5.5. The circles in the figure show the E — k function around the Fermi level. The

energy at the Fermi level is defined as in Equation 5.6 (Hanson, 2008).

E =vF%k (5.6)

where V¢ is Fermi velocity, h is Planck’s constant and k is the wave vector.

Dispersion for the photon is given as E = cik , where c is speed of light
and 7 is reduced Planck’s constant. The E —k form of graphene is in the same
E — k form of photon’s. Therefore, in graphene, near the m-band crossing point
electrons act more like photons than particles with mass. This makes the velocity of
the electrons in graphene faster than other semiconductor structures. The ballistic

transport in CNT is verified by experimental studies (Fediai et. al., 2015).
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Figure 5.5 Energy dispersion of graphene

Some important physical and electrical characteristics of CNTs are listed in

Table 5.1.

Table 5.1 Some characteristic properties of CNTs

Conduction Type

Metallic or Semiconducting

Electrical Transport Ballistic

Max. Current Density | 10" Alcm?
Diameter 1-100 nm
Length Up to milimeters
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6. MICROFABRICATION PROCESSES

Semiconductor manufacturing has gained a critical role in enabling
technology revolution after the invention of integrated circuits (IC) in the early
1960s. Due to the developments in semiconductor fabrication, dimensions of ICs
has been reduced from 20um in 1960 to about 10nm today. In the meantime, while
the manufacturing costs have decreased, the reliability and functionality of the
devices have increased (Singh et. al., 2013).

Semiconductor fabrication is based on several numbers of detailed and
well-organized processes. All these steps, such as oxidation, diffusion, and ion
implantation, have to be studied intensively to successfully perform the whole
fabrication process.

The first step of the fabrication process is subject to silicon crystal. The
silicon, in its intrinsic form, is a semiconducting material. However, its electrical
conductivity can be altered dramatically by doping impurity atoms into the crystal
lattice. The impurity atoms, called dopant, provide holes or electrons to the
intrinsic silicon crystal, called acceptor. When a silicon crystal doped with either n-
type or p-type dopants, it transforms to n or p substrate. The region in the doped
crystal, where the n and p substrates are in contact, is called junction. A diverse
range of semiconductor devices is constructed by arranging junctions in a specific
order and doping at absolute rates. The following subsections describe the

fabrication process steps of a semiconductor device.

6.1. Epitaxial Growth

Epitaxy is a type of oriented crystal growth process on top of the
crystalline substrate. Two fundamental types of epitaxy are homoepitaxy and
heteroepitaxy. In homoepitaxy, materials of the grown crystal and substrate are the

same. An oriented silicon grown process on top of the silicon wafer is an example
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of homoepitaxy. The grown material can be doped or undoped (Weste &
Eshraghian, 1993). Generally, diborane (B,Hg) and phosphine (PH;3) dopants are
used to form p-type and n-type doping, respectively. During the doping process,
SiCl, and H gases are sprayed with the dopant. Doping concentration that changes
the resistivity of the crystal is varied between 10"-10*%cm’® (Allen & Holberg,
2016). Figure 6.1 shows the resistivity of a p-type and n-type silicon wafer

according to dopant concentration.
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Figure 6.1 The change of n and p-type silicon wafer resistivity with a dopant
concentration

The following chemical reactions of SiCl, and H express the epitaxial

growth of intrinsic silicon.

SiCl, +2H, <> Si +4HCl (6.1)

or decomposing silane:
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SiH, - Si+2H, (6.2)

In the epitaxial growth process, doping is performed at high temperatures
as 1000-1250°C, while the pressure is traditionally at latm. However, molecular
beam epitaxy (MBE) is used for the low temperatures (500-800°C). In
heteroepitaxy, materials of the grown crystal and substrate are not the same. AlAs
on GaAs, SiGe on Si or GaN on SiC are the examples of heteroepitaxy.

In this thesis, all the microfabrication process steps are simulated. The

followings are the input parameters of the epitaxial growth step.

e Orientation of material

e Dopant type and concentration of wafer
e Temperature

e Growth rate

e Growth time

e Doping type and concentration of process

6.2. Thermal Oxidation

The oxidation step in semiconductor fabrication fundamentally has two
goals. The first is the isolation of differen devices in a circuit or isolation of
specific areas in a device. The second is to prevent doping into a material by
forming a mask. Forming a SiO; layer is done by heating the wafer in an oxygen or
water vapor containing environment. The process of using oxygen is called dry
oxidation while using water vapor is called wet oxidation. Dry oxidation can be

represented by following reaction,

Si+0, —SiO, (6.3)
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and wet oxidation reaction is given in (6.4).

Si+2H,0 - Si0, +2H, (6.4)

For dry oxidation, the required temperature is about 1200°C, whereas it is
usually between 900°C-1000°C for wet oxidation (Weste & Eshraghian, 1993).
The thickness of the grown oxide has critical importance, and process temperature
promotes the growth rate. Oxidation time, oxidation pressure, and oxidation
temperature are the parameters that affect the speed of growing. Figure 6.2

exhibits the grown oxide thickness according to oxidation temperature and time.
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Figure 6.2 Oxide thickness alteration with time and temperature for wet oxidation

The percent of the HCI and Cl, (used in order to obviate metallic
contamination), doping rate of the wafer, and crystal orientation are other
parameters affecting the oxidation rate.

During the oxidation process, the oxide grows both sides of the silicon

surface as shown in the Figure 6.3. Typically, 56% of the oxide thickness grows
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upward to the Si surface, while 44% of the oxide grows inward (Allen & Holberg,
2016).

Figure 6.3 Silicon dioxide growth at the surface of a silicon wafer.

6.3. Dopant Diffusion

The aim of the doping process is adding specific atoms into the silicon
wafer to modify its resistivity. The doping process also determines the type of the
semiconductor as either p-type or n-type. Adding group 3A atoms of the periodic
table into the Si wafer, such as boron B or gallium Ga, leads to produce p-type
material, whereas group 5A atoms, such as arsenic As, antimony Sb or phosphorus
P, results in n-type material. Dopant diffusion and ion implantation (described in
section 6.4) are the most commonly used doping methods (Neamen, 2012).

The movement of doping atoms from the wafer surface into the bulk is
called diffusion. The diffusion process can be described in two steps. The first one,
deposition (or pre-deposition), is placing the high-concentration dopant atoms on
the silicon surface. The solid solubility limits the amount of the diffusible dopant
concentration, and it is in the range of 5x10% to 2x10*'atoms/cm’® (Yoo, 2008).
The second one, drive-in step, is applied to distribute the dopants deeper into the

wafer. During the drive-in step, an additional process is performed. An oxidation
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layer is grown on the wafer surface to prevent the leak of dopants from the surface
during the drive-in process.

A junction occurs between the n-type and p-type materials, after the drive-
in step. Distance between the silicon wafer surface and the junction is called
junction depth. The junction depth is a parameter that affects the sheet resistance of
the doped layer. The sheet resistance is expressed as in equation (6.5) (Franssila,

2010).

P = _1 =— ! (6.5)
O'XJ- ]
q .[ [n(X) = Ng J[n(x)]dx

0

where Q, 4, n(x),NB,Xj are charge of electron, mobility, dopant concentration,

background concentration and junction depth, respectively.

In this thesis, all the microfabrication process steps are simulated. After
performing the simulation sheet resistance, junction depth, and surface
concentration parameters are obtained. The followings are the input parameters of

the dopant diffusion step.

e  Wafer orientation ((100) or (111))
e Dopant concentration level

e Dopant type

e Temperature

e Ambient (oxidizing, inert or reducing)

6.4. Ion Implantation
Ion implantation is an alternative method of doping impurity atoms to the

silicon wafer. In this low temperature method, specific dopant ions are accelerated
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by an electric field to high velocities and shot into the silicon wafer. The ion energy
and striking angle between the ion and Si surface alter the penetration depth. The
penetration depth generally varies from 0.1 to 0.6 um (Allen & Holberg, 2012).
The doping ions follow a random route in the crystal due to the scattering effects.
Because of this random process, the average depth of implanted ions can be
modeled using standard deviation and Gaussian distribution calculations.

The impurity ions sometimes penetrate the Si crystal more than its
predicted depth. This case is called ion channelling and occurs due to the position
regularity of the silicon atoms in the crystal. In order to prevent the ion
channelling, the ions are implanted with an angle or implanted through the silicon
dioxide. Basically tilt of an ion beam is between 7-10° (May & Spanos, 2006).

In the ion implantation process, implanted ions cause damage to the Si
crystal structure. After the process, some of the implanted ions may become
electrically inactive. Thermal annealing process, increasing the temperature of the
semiconductor to about 800°C, leads to activate dopants in the crystal lattice.
During the thermal annealing process, dopant ions are diffused deep into the silicon
crystal and form the final profile (Yoo, 2008).

Both of dopant diffusion and ion implantation processes are used to insert
impurity atoms into the semiconductor crystal. However, the ion implantation
method has some advantages, according to dopant diffusion. The first advantage is
controlling the doping more precise. Second, ion implantation can be performed at
the room temperatures, except the annealing process. It permits the implantation of
thin layers, as a third advantage. Additionally, the ion implantation process allows
to implant dopants through the SiO,, whereas thermal diffusion requires the surface
to be free of SiO, or Si3Ny layers (Allen & Holberg, 2012).

Following parameters are inputs of the ion implantation process for the

simulation.
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e  Wafer type

e Dopant concentration
e Ion type

e Implantation energy

e Tilt angle

6.5. Photolithography

Fabrication processes described thus far were about modifying properties
of a specific region of the semiconductor wafer. These specific regions are defined
by photolithography process with high precision. In the simplest terms,
photolithography is the whole transferring process of a pattern to the
semiconductor wafer. Therefore, the photolithography process is the most critical
step of microfabrication since all the other processes depend on it (Weste &
Eshraghian, 1993).

Photoresist (PR) and photomask are fundamental components of the
photolithography process. The photomask, used to expose or shield some areas,
represents the physical pattern of the interested region. Nontransparent sections of
the photomask are made of ultraviolet (UV) light absorbing material. The
photoresist is a photosensitive polymer material. When a photoresist exposed to
UV light, its characteristics are altered. There are two types of photoresist: positive
and negative photoresist. A region of the positive photoresist exposed to the UV
light becomes soluble, whereas the unexposed region remains insoluble. For the
negative photoresist, it is vice versa (Allen & Holberg, 2016).

The first step of the photolithography is the spreading the photoresist over
the semiconductor substrate by spinning the wafer. The thickness of the photoresist
depends on the speed of spinning. Soft bake process is performed after the applying
photoresist onto wafer to get rid of the solvents. The photoresist is then exposed to

the UV light through the photomask. In the next step, the exposed portions of
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photoresist (in the case of positive photoresist application) is removed by a
chemical solution. The exposure and removal of the photoresist process is named
as developing. After the removal of unexposed photoresist, a hard bake process is
applied at higher temperatures to ensure maximum adhesion of the remainder
photoresist on the wafer. Thus, the hardened photoresist preserves the related
regions from the etching step. The lithography process is repeated for all layers of
the fabricated device. Figure 6.4 shows the basic steps up to photolithography
(Neamen, 2012).

The lithography is the most complicated and expensive process of the
microfabrication. The resolution, accuracy of placement, defect density are crucial
problems of this process (Baker, 2019).

Following parameters are inputs of the photolithography process for the

simulation.

e Photoresist coating

e Soft bake parameters
e Alignment

e Exposure level

e Post-exposure bake
e Development

e Hard bake parameters
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Figure 6.4 The schematic of basic fabrication steps up to photolithography process

6.6.Etching Process

The final process of semiconductor microfabrication explained here is the
etching. The etching is a step of removing specific regions of materials as shown in
Figure 6.4. Wet and dry etching (or plasma etching) are two basic methods in use.
In the wet etching method, etchants in liquid form are applied for removing parts,
and some chemical reactions occur. However, etchants in gas form, like
chlorofluorocarbons, are used for the dry etching process (Stepanova & Dew,
2011).

For now, the illustration shown in Figure 6.5 (a) is assumed to be etched. A
silicon wafer is coated by two thin layers (SiO, and PR) as shown in the figure. A
PR layer covers the thin SiO, layer except for a part where to be etched. The aim of
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the etching process is the removal of the SiO2 layer existed in the uncovered PR

section (Allen & Holberg, 2012).

a b

Figure 6.5 (a) A structure ready for etching and (b) result of etching

To understand the etching process deeply, the selectivity and anisotropy
issues have to be considered. The selectivity is the etching rate of the just desired
portion, with no effect on the other parts. The mathematical definition of selectivity

is given in Equation 6.6.

Etching rateof desired porion

=— . . (6.6)
Etching rateof undesired portion

The anisotropy is the etching rate in only one direction. However, just a
perfect anisotropic etchant etches in one direction only. The level of anisotropy is

defined as Equation given in 6.7 (Cui, 2009).

Lateral ething rate

_1_ : _ (6.7)
Vertical etching rate

There is no etchant have either perfect selectivity or perfect anisotropy in

the practice. Figure 6.5 (b) illustrates the result of an etching process. In the figure,
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dimensions a and b represent the lack of selectivity with respect to PR and n-type
substrate, respectively, whereas the dimension ¢ shows the level of anisotropy.

The most commonly used wet etchants to etch silicon dioxide, silicon
nitride and silicon are hydrofluoric acid, phosphoric acid and potassium hydroxide,
respectively. Nitric acid, acetic acid and hydrofluoric acid are used to etch
polysilicon layer, whereas phosphoric acid mixture is used for etching metal layers.
In the wet etching process, the etching rate and resulting surface quality strongly
depend on the chemical composition mentioned above, temperature and agitating.
Therefore, it is difficult to control the etching with high precision and for desired
geometries (Papadopoulos, 2016).

Reactive ion etching (RIE) is the most common dry etching method in
practice. In this method, a radio frequency (RF) power supply energizes the ions in
the gas to the desired energy state. The field of interest is then exposed to the
energized gas and the etching process starts. The energy of RF power supply, gas
flow rate and pressure has to be well optimized to achieve quality ethching.
Trifluoromethane and tetrafluoromethane are used to etch silicon dioxide and
silicon nitride, whereas oxygen is used to remove the photoresist (May & Sze,

2004).

6.7.Metallization Process

The metallization is forming metal films on the wafer surface to contact
devices or device terminals. In this step metallic or alloy layers, such as Al, Cu,
Ag, Au, Pt, TiN or TiW, can be formed. The resistance of these interconnects can

be calculated by Equation 6.8 (Yoo, 2008).

L
R=p— 6.8
PWn (6.8)
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where p is resistivity and L,W,h are length, width and thickness, respectively.

The resistance of thin films is greater than thick ones, as also understood from the
equation. Generally, the thickness of the metallization is around 0.5-2um. The list
of commonly used metals for the metallization process and some of their
characteristic properties are given in Table 6.1. Since the resistivity is highly
dependent on the deposition process, data in the table should be used just as

guidance (Franssila, 2010).

Table 6.1 Properties of metals for the metallization process

Resistivity Coef. of Th_ermal Therm_al_ Melt.ing

Metal (uQ.cm) Expansion conductivity point
(ppm/°C) (W/cm.K) (°C)

Al 3 23 24 650
Cu 1.7 16 4 1083
Au 1.7 14 3 1064
Ag 1.6 19.2 4.2 961
Mo 5.6 5 1.4 2610
w 5.6 4.5 1.7 3387
Ta 12 6.5 0.6 3000
Ti 48 8.6 0.2 1660
Co 6.2 12.5 0.7 1500
Ni 6.8 13 0.9 1455
Cr 13 6 0.7 1875
Pt 10 9 0.7 1064

Noble metals, such as Au and Pt, do not adhere to the semiconductor
substrates strongly. In those cases, adhesion layers, such as Ti or Cr, are required.
Sometimes a barrier layer is needed to prevent undesired reactions between thin
films. Tungsten nitride, titanium-tungsten, tantalum nitride and titanium nitride are
used as the barrier layer (Cui, 2009).

Physical vapor deposition (PVD) is a fundamental method for the
metallization process. In this method, metal atoms, i.e., Al, are vaporized to the
substrate and deposited on the surface layer by layer to form a thin film (May &
Spanos, 2006).
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Electron beam evaporation and sputtering are widely used techniques in
the PVD process. In the electron beam evaporation technique, the Al source is
evaporated by an electron beam, and Al atoms are produced. The heated and
vaporized Al atoms are then deposited on the semiconductor wafer surface. In the
sputtering technique, a high energy argon atom beam is bombarded to the Al
source and results in displacement of Al atoms from the source. These displaced
(or sputtered) Al atoms are then deposited on the semiconductor wafer surface. The
sputtering technique is more preferred than electron beam evaporation. The
semiconductor wafer is rotated continuously during the PVD process to obtain
uniform deposition (Allen & Holberg, 2016).

The chemical vapor deposition (CVD) is also used for metallization
process and has several advantages compared to PVD, such as excellent step
coverage, large throughput and low-temperature processing. In the CVD method,
the process chamber is filled with highly reactive organo-metallic aluminium gas.
The molecules in the compound are applied to the surface of the semiconductor
wafer and chemical reactions start by increasing temperature. During the chemical
reactions, the molecules on the heated wafer are decomposed and Al atoms get
deposited on the surface. The process leads to form a thin Al film on the
semiconductor surface. In CVD method several type thin films, such as Al, Cu,

WSi,, TiN or W, can be formed (Papadopoulos, 2016).
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7. DESIGN OF MWCNT MODIFIED MOSFET BASED SKIN
ELECTRODE

7.1.Circuit Equivalent Model of Metallic MWCNT

A carbon nanotube can be viewed as a rolled-up sheet of graphene with a
diameter typically between one and two nanometers (Krueger, 2014). The nanotube
can be either metallic or semiconducting, depending on how it is rolled up from the
graphene sheet. The electron transfer rate of carbon nanotube tip 10° to 10° times
higher than its lateral surface (Charlier & Roche, 2007). This makes the carbon
nanotube a very convenient material for taking signals from its tip and transmitting
them to any instrumentation circuit. Carbon nanotube utilized electrodes can
acquire the signal with high quality and less noise. They can be adapted to up-to-
date platinum, gold, or silver chloride electrodes. Additionally, the transmission in
a carbon nanotube is ballistic in certain cases (Datta, 2005).

The proposed electrode is modeled by considering the individual MWCNT
model. It is crucial to characterize the response of the MWCNT to obtain efficient
model extraction. During this task, the physical structure of MWCNT is taken in
the consideration in detail. A schematic of only one metallic MWCNT grown on

the gate of the depletion type MOSFET is shown in Figure 7.1. The diameter of the

outermost shell is D, , the innermost shell is D,;, , and the gap between the two
neighboring shells is d =3.4 A, which is the van der Waals gap. In order to
simulate the proposed electrode, the circuit equivalent of MWCNTs has to be
modeled. During this modeling resistance, inductance and capacitance are used to

express the electrical characteristic of metallic MWCNT.
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Figure 7.1 Schematic of MWCNT on the gate terminal of MOSFET

7.1.1. Resistance

The number of occupied sub-bands in a carbon nanotube, making a
contribution to conduction, is dependent on the chirality of the carbon nanotube.
The probability of a sub-band being occupied can be represented by Fermi

distribution function,

1
f z—\e,_E,\ (7.1)
e( KT )+1

where E; is the peak value for the sub-bands below the Fermi level E; .

According to the study by Banerjee and Srivastava, the number of conducting
channels in any shell by considering the spin degeneracy can be acquired by adding

up all of the probabilities (Banerjee & Srivastava, 2006).

1
N e = Zsub—bands (‘Ei—E,‘ (7.2)

e KT " +1
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Naeemi and Mein proposed an approximate form of the number of the shell

as in Equation 7.3. In this thesis, this approximate form of the number of shell

equation is used as:

Ny (D)=aD+b if D>3nm (7.3)

where D is diameter of the shell, a=0.0612nm™" and b=0.425 (Naeemi & Mein,
2006). The ratio of diameters of the innermost shell to the outermost shell assumed
approximately to be 1/2 (Naeemi & Mein, 2006), (Li et al., 2005). Thus, the
number of shells p of the MWCNT can be determined by Equation 7.4.

D -D.
— max min 1 7'4
p {—2 5 } (7.4)

where the integer part of the calculation obtained from the expression in the

brackets is taken in to account. If the shells from outer to the inner are indexed as

L,2,...,i,..., p the diameter of the i" shell is given by the following expression.
D =D, —2d(i-1), I<i<p (7.5)

Additionally, the number of conducting channels of the i" shell is described by
Equation 7.6.

N, =aD +b (7.6)

Thus, the total conducting channel number is the sum of conducting channels of all
the shells.
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In the case of ballistic transport for a single-walled carbon nanotube

(SWCNT), the conductivity is independent of the nanotube lengths.

2 2
Gayenr = %XN (1.7)

where Q,h,N are charge of electron, Planck’s constant, and number of the

conductive channels in a nanotube, respectively. Since the mechanical durability of
MWCNT is higher than for SWCNTs, MWCNT was used in the proposed structure
of this work. The conductivity of an MWCNT in the case of ballistic transport is
given as follows (Datta, 2012).

Guwent =NMGT (7.8)

where n is the number of the shell, m is the number of modes, G is the ballistic

conductance (29°/h), and T is probability of an electron transmission in carbon

nanotube. Experimental studies show that MWCNTs can exhibit ballistic transport
up to several micrometers in length (Hanson, 2008).

The length of the MWCNT designed in this study is about 100 um. This
length is much larger than the mean free length of the carbon nanotube. According
to Park et al., the main reason for the resistance of carbon nanotube is the scattering
originating from acoustic phonons (Park et al., 2004). The nanotube resistance for

lengths exceeding the mean free path varies depending on the length.

R =L2[1 +L] (7.9)
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where L and L, are the length of carbon nanotube and the mean free length of

carbon nanotube, respectively. Similarly, the resistance of an MWCNT whose

length is much longer than the mean free length is given by:

h L
Ruwent = [1 + L_) (7.10)

The total resistance of a metallic carbon nanotube (R.;) can be divided into three

parts (Yamacli & Avci, 2009): the quantum resistance (R ), length-dependent

quantum

resistance (Riqn ) and voltage-dependent resistance (R, 4,) given by,

RCNT = unantum + Rlengthidep + R\/oltidep (71 1)

According to Hanson, at low voltages, the length-dependent resistance
equation given above keeps its validity up to centimeter lengths (Hanson, 2008).

In this work, electrophysiological signals with low amplitude voltages are
applied to carbon nanotubes. As seen in Table 7.1, since the voltage range of
biopotentials is between 5 uV and 100 mV, the low voltage excitation condition of

carbon nanotube is provided.

Table 7.1  Voltage and  frequency ranges of the fundamental
electrophysiological signals

Signal Voltage Range Frequency Range (hz)
Electrocardiogram, ECG 0.5-4 mV 0.01-250
Electroencephalogram, EEG | 5-300 pV DC-150
Electromyogram, EMG 10-1000 pVv DC-1
Electrogastrogram, EGG 0.5-100 mV DC-1

Nerve cell potential 0.01-3 mV DC-10000

49



7. DESIGN OF MWCNT MODIFIED MOSFET BASED SKIN ELECTRODE
Mustafa ISTANBULLU

Under low voltage excitation, the total resistance equation of the carbon

nanotube can be simplified as Equation 7.12 by neglecting the voltage-dependent

resistance.

RCNT = unantum + RIengthidep (712)
The value of the intrinsic resistance of a shell can be determined by;

h h L
shell — unantum + Rlengthidep = 2q2N + 2q2N i

(7.13)

where h/29*=12.9kQ and L,A,N are the length, the mean free path, and
number of conducting channels of the shell, respectively (H. Li et al.,2008). In
Equation 7.13, the mean free path has a significant effect on determining the
resistance of carbon nanotube. In a metallic or semiconducting MWCNT, the mean
free path of a shell always depends on the diameter of the corresponding nanotube,

approximately 4~1000D (H. Li et al., 2008).

In addition to shell resistances, intershell resistances, (R;), must also be
taken into consideration for MWCNT. The magnitude of an intershell resistance is
constant and is given by R, =10kQ/ zm (Bourlon et al., 2004). Assuming all the

inner shells are in conduction, the total resistance of the MWCNT can be calculated
by using parallelism of the shell resistances as given by Equation 7.14

(Kordrostami et al., 2008).

1
Rtotal = N (D)

shells L
R, (1 + j
1000D

(7.14)
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In this thesis, according to mentioned explanations, quantum resistance,

length-dependent resistance, and intershell resistance are used for modeling

resistance of MWCNTs.

7.1.2. Inductance
The inductance of MWCNT is similar to that of SWCNT composed of

kinetic (L) and magnetic (L,,) inductance (Burke, 2002). The kinetic inductance

and magnetic inductance expressions are given in Equations 7.15 and 7.16,

respectively.

L =16nH / um (7.15)

B 20°V,

where h,Q,Ve are Planck’s constant, charge of an electron, and Fermi velocity,

respectively.

H -1
L, =—cosh™ (2H /D 7.16
w =7=cosh™' (2H /D) (7.16)

where u is permeability and H is the distance between carbon nanotube and

ground plane. Since the magnetic inductance is much smaller than the kinetic

inductance, it has not been included in the MWCNT model.

7.1.3. Capacitance

The capacitance of MWCNT consists of two parts as quantum capacitance

(Cy) and intershell capacitance (C;,). The quantum and intershell capacitance

nt

expressions are given as in Equations 7.17 and 7.18.
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2

2
C, = hq ~100aF / um (7.17)
VF

where @,h,V- represent charge of an electron, Planck’s constant, and Fermi

velocity, respectively.
By using the coaxial capacitance formula, the shell-to-shell capacitance can

be defined by,

2re 2re
C. = = 7.18
" In(D,, /D,) In(D,,/(D,, —2d)) (7.18)

out out

Where D, represents the diameter of the exterior shell, and D,; is the diameter of

the interior shell. Since all of the conducting shells in each MWCNT are connected
to the same metal on the gate terminal of the MOSFET, the effective shell-to-shell

capacitance is bypassed.

7.1.4. The Final Circuit Equivalent of the MWCNT

An MWCNT consists of many concentric shells of different diameters.
Thus, each shell has different mean free paths and different circuit parameters. The
resistance of carbon nanotube depends on the number of channels where the
nanotube diameter specifies them. The mean free path also depends on the
diameter of the carbon nanotube.

Based upon the analysis mentioned above, the circuit equivalent of a shell
is composed of quantum resistance, length-dependent resistance, and kinetic
inductance connected in series. In this manner, the circuit equivalent of MWCNT is
composed of circuit equivalents of all the concentric shells in parallel, as shown in

Figure 7.2. Additionally, intershell resistance and quantum capacitance
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components are in parallel between successive shells (H. Li et al., 2008). In the

model used in this work, intershell capacitances are neglected for MWCNT.

Rof2  Ruders e Rol?

Ro/2  Rigepz | Lez  Ro/2

shell

Ro/2  Riaepa Mo T ML, Ros2

outermost V . .

shell

Figure 7.2 Equivalent circuit model of an MWCNT with p shell

Since the carbon nanotubes grown on the gate terminal of the MOSFET are
vertically aligned and arranged in parallel, the resistance of carbon nanotube forest

can be expressed by Equation 7.19.

Roa
R(:NT forest — #oftCt[l\]T (719)

If the carbon nanotubes are grown with 50 pm successive spacing, the total
number of carbon nanotubes is approximately 10* for an electrode designed with
dimensions of 5 mm x 5 mm. Thus, the interface resistances of carbon nanotubes

are extremely reduced in the overall electrode model.

7.2.Design and Microfabrication of The Proposed MOSFET
7.2.1. MOSFET Type Selection
The MOSFET is fundamentally three-terminal semiconductor device that

the current flowing between two terminals is controlled by the third terminal
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voltage. Figure 7.3 shows the physical structure of the n-channel enhancement-type

MOSFET. The transistor shown in the figure is fabricated on a p-type substrate.
Two heavily doped n-type regions represent the source and drain terminals.
Electrically insulator thin silicon dioxide layer is grown on the substrate surface
between source and drain regions. The metal covering the oxide layer is called the

gate terminal.

Oxide (5i0;)

Source
region

p-type substrate
(Body)

Channel

region

Drain region

Figure 7.3 Basic physical structure of n-type enhancement MOSFET

Assuming the drain terminal is positively charged according to the source
terminal, connecting the substrate to the source terminal makes two pn junctions
cut off. A positive voltage higher than the threshold has to be applied on the gate
terminal to permit current flow from drain to the source by forming an electron
inversion layer.

In this thesis work, low-amplitude electrophysiological signals, some of
them listed in Table 7.1, are signals to be measured. As seen in the table, the
maximum amplitudes of the signals are about 100mV. The proposed electrode
model explained in the next chapter in detail requires MOSFET utilization to
convert the biopotential to an amplified current form, and the MWCNT's, capturing
signals from the skin surface, are connected to the gate of the MOSFET. Thus, the
threshold of the MOSFET has to be low enough to be ON state for all
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biopotentials, or the MOSFET has to operate in the saturation region continually.

Another type of MOSFET, depletion mode, is selected to fulfill the requirement.
The depletion type MOSFET structure is similar to that of the
enhancement-type. The depletion-type MOSFET has a built-in channel as a
difference. Therefore, if the drain terminal is positively charged with respect to the
source terminal, the current flows through between source and drain, even if a
positive voltage is not applied to the gate terminal. However, the channel depth (or
conductivity) can be altered by the applied voltage to the gate terminal. Increasing
the gate voltage leads to an increase in the channel depth and thus results in an
increase in current flow. On the other hand, applying a negative voltage to the gate
terminal cause to decrease the conductivity of the channel. Consequentially,
voltage fluctuations on the gate terminal lead to fluctuations in the current flowing

through the source and drain terminal.

7.2.2. Microfabrication of the MOSFET

The structural design and fabrication of the n-channel depletion type
MOSFET in the proposed electrode was simulated in the Silvaco electronic design
automation and technology computer-aided design program (istanbullu & Avci,
2019). The simulation of the transistor is done in a two-dimensional numerical
semiconductor processing simulator. The flow chart of microfabrication process is
shown in Figure 7.4 and methodology is given below.

The physical structures of the each process is shown on the left-hand side,
whereas the color counter of the structure, indicating the doping concentrations, is

shown on the right-hand side. Process names are given in the titles of each figure.
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Figure 7.4 Flow chart of n-type depletion mode MOSFET microfabrication

Silicon (Si) wafer in the <100> orientation was selected as a substrate
material of n-channel depletion type MOSFET development. The wafer was doped
with phosphorus at a concentration of 1x10' cm™ for background doping. The
screening oxide was created through the diffusion process at 1000°C and 1 atm for

30 min with dry oxide, as shown in Figure 7.5.
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Oxide Growth Oxide Growth
Structure Doping Contour

Microns

Microns

Figure 7.5 MOSFET structure and doping concentration after oxide growth

The p-well was formed using boron implantation with an energy of 100
keV and a dose of 8x10'? cm™. The implantation was modeled using the Pearson
model. The physical structure and doping concentration of p-well substrate after

the implantation step is shown in Figure 7.6.

Forming p-well Forming p-well
Doping Contour

Microns

02 04 06 08 1
Microns

0 02 04 0E 03 1 o
Microns

Figure 7.6 MOSFET structure and doping concentration after p-well implantation
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The next step was well oxidation, and it was developed through the

diffusion process at 950°C and 3 atm for 100 min with wet oxide. The simulation

result of this process is shown in Figure 7.7.

Oxide growth Oxide growth
Structure Doping Contour

Microns

Microns

L] 02 04 1] o8 1 L] 0r 04 (13 [ 1] 1
Microns Microns

Figure 7.7 MOSFET structure and doping concentration after well oxidation

The well drive-in step was performed with varying durations (50-220-90
min), varying temperatures (1000, 1200°C), temperature change rates (4, —4.4), and
processing environments (dry oxide, nitrogen). After the well drive step completed,
the more uniform doping concentration along the depth was found as in Figure 7.8.

The grown oxide was etched from the wafer to form the substrate surface
ready for defining MOSFET features. Sacrificial cleaning requires oxidation,
followed by the removal of the grown oxide. The oxygen in the oxidation step
reacts with the surface silicon forming the silicon dioxide before it is etched away.
This oxidation process was performed by diffusion at 1000°C, and 1 atm for 20

min with 3 percent hydrochloric acid mixed dry oxide.
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Drive-in Drive-in
Structure Doping Contour

Figure 7.8 MOSFET structure and doping concentration after well drive

As aresult, a thin substrate layer is also removed as shown in Figure 7.9.

Etching oxide layer Etching oxide layer
Structure Doping Contour

Microns

Microns

-1 og 1

Figure 7.9 MOSFET structure and doping concentration after oxide removal

The field implant to form light doped drain (LDD) was realized by
implanting phosphorus with an energy of 20 keV and a dose of 3x10" cm™. The
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implantation was modeled using the dual Pearson model. Doping concentration

after the LDD process is shown in Figure 7.10.

LDD formation LDD formation
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Figure 7.10 MOSFET structure and doping concentration after LDD formation

The gate oxide was grown on the wafer by deposition at 700°C, and 1 atm
oxidation pressure for 1 min with 3 percent hydrochloric acid mixed dry oxide. The
thickness of the oxide layer can be altered by changing the time, temperature or
type of the oxidation. The thickness of the gate oxide, shown as a blue layer on the
substrate structure in Figure 7.11, has an important role on MOSFET
characteristics.

Next, in order to adjust the threshold voltage of the n-channel depletion
type MOSFET device, boron atoms of 10 keV energy and a dose of 9.5x10'" cm™
were implanted. This is a similar process to the implantation step to form p-well
substrate as shown previously in Figure 7.6. A higher dose of the implanted boron

atoms leads to increase in threshold of the MOSFET.
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Figure 7.11 MOSFET structure and doping concentration after gate oxide
deposition

The next step in the microfabrication is the polysilicon deposition to create
the gate terminal of the MOSFET. It is similar step to previously explained oxide
deposition. The polysilicon gate layer was deposited with a thickness of 0.3 pm on
the gate oxide layer, and then a specified region polysilicon layer was etched. The
two dimensional structure of the polysilicon gate is shown in Figure 7.12.

Polysilicon depositing Polysilicon depesiting
Structure Doping Cantour

i

Microns

Figure 7.12 MOSFET structure and doping concentration after polysilicon
deposition
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In the next step, phosphor atoms with 20 keV, and a dose of 3x10° cm™

was implanted through the deposited oxide layer to form lightly doped drain/source

junction. The light drain or source region is shown in Figure 7.13.

Ligthly doped drain/source Ligthly doped drain/source
Structure Doping Contour
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Figure 7.13 MOSFET structure and doping concentration after LDD process

An oxide spacer is formed as a barrier, and then etched anisotropically.
Approximately 0.35 pm oxide was deposited using low-pressure chemical vapor
deposition to generate oxide spacers at the polysilicon edges as shown in Figure
7.14.

The heavy source/drain implantation, similar to the LDD process, is
performed to form source and drain regions in the wafer. Doping concentration of
heavy implantation is several orders of magnitude greater than light drain/source
implantation concentration. Implanted atoms of this process are arsenic instead of
phosphorus. The source and drain formation were done by implanting arsenic with
an energy of 50 keV and a dose of 3x10'° cm™. It is necessary to diffuse implanted
atoms deep into the wafer. In this case, the thermal annealing was done to
electrically activate and diffuse implanted ions at 1000°C and 1 atm for 1 min with

nitrogen.
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Figure 7.14 MOSFET structure and doping concentration after oxide spacer step

This diffusion process was modeled by the Fermi compression method and the
process is done in an inert environment to prevent undesirable reactions. The
formation of the source/drain region is shown in Figure 7.15.
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Figure 7.15 MOSFET structure and doping concentration after heavy ion
implantation
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In this step, etching of the oxide layer on the source/drain region is

required to make wafer surface suitable for metal contacts, as shown in Figure

7.16.

Oxide etching Oxide etching
Structure Doping Contour
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Figure 7.16 MOSFET structure and doping concentration after oxide etching

After the process of the contact opening, the metallization step is
performed. To create metal contact electrodes, a metal (aluminum) with low
resistance is deposited over the entire structure by sputtering technique. Then,
some specific regions of deposited metal are etched away from the surface
geometrically to develop terminals of the MOSFET. Figure 7.17 shows the
structure of device after the metallization process.

Up to this point, all processes of the n-type depletion mode MOSFET
microfacrication are developed for only half of the device. Since the MOSFET is a
symmetrical device, the complete device layout can be obtained by mirroring. The
mirroring defines all the above-mentioned steps for the right half of the device as
same as for the left half of the device. The complete microfabricated MOSFET
device is shown in Figure 7.18. The final step is defining the regions of MOSFET
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as the gate, source and drain teminals. After the terminals are defined, the device is

ready for simulation to obtain electrical characteristics.

Metallization
Doping Contour

Microns
Figure 7.17 MOSFET structure and doping concentration after the metallization
Final form of the MOSFET

Final form of the MOSFET
Structure Doping Contour

Microns
Microns

[ 04 os 12 I
Microns Microns

Figure 7.18 Final MOSFET structure and doping concentration
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The characteristic current-voltage (I —V) curve of the designed transistor

is given in the Figure 7.19.(a) for high gate voltages (V; from -3 V to 3 V) with

the various drain to source voltages Vs =1,1.5,2,2.5, and 3V . Furthermore,
Figure 7.19.(b), the characteristic (I —V) curve of the device for the gate voltages

in the biopotential voltage range, is almost linear. These characteristic curves show

the suitability of the microfabricated MOSFET in this range of biopotentials.

(a)
2.4 —

Drain Current (mA)

0.8—

Gate Voltage (V)

(b)
0.65— 5
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T T ) T T T 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Gate Voltage (V)

Figure 7.19 (a) Drain current (l) versus gate voltage (V) plot of the MOSFET
in [—3V, 3V] range for different drain voltages (V). (b) (I; V)
plot of MOSFET in the [-0.3V, 0.3V ] range.
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7.3.CNT Integrated Active Electrode

When a metal electrode is contacted to a non-prepared skin surface for
electrophysiological measurements, a high electrode—skin impedance occurs. This
condition is due to the unformed direct electrode-electrolyte electrochemical
interface with the body fluid.

The measurement surface must be prepared before recording to achieve
low electrode—skin impedance. It is necessary to use the electrolytic gel or abrade
the dead stratum corneum layer on top of the skin. The goal of skin abrasion is to
reduce the thickness of the stratum corneum layer causing high impedance. The
process of completely removing the stratum corneum layer is painful and
unhealthy; thus, this task is not recommended. Alternatively, the electrolytic gel
containing conductive ions at high concentrations can be applied to the stratum
corneum. The electrolytic gel passes into the stratum corneum by diffusion and
increases the conductivity. However, in long-term measurements, the gel dries out
after a few hours, and various noises, resulting from the unstable gel-skin interface,
occurs on the signal. The stratum corneum layer must either be removed or
bypassed to overcome the mentioned measurement stability problems.

The electrode designed in this work abolishes the use of the gel and
abrasion process of stratum corneum. The electrode contains needle-like carbon
nanotube arrays grown vertically aligned at the gate of an n-channel depletion type
MOSFET. The vertically aligned MWCNTSs penetrate the stratum corneum layer,
which causes the noise; thus, bypass of stratum corneum eliminates the noises on
the biopotential signal acquisition. The carbon nanotube array penetrated to the
skin also provides a stable contact to the skin by increasing the surface area.
Thereby this supplies a low electrode—skin interface impedance advantage for the
electrode. Since the electrode is attached more firmly to the skin surface, it
prevents artifacts caused by breathing or limb movements. In the electrode model
given in Figure 7.20, carbon nanotubes pass over the stratum corneum layer, which

is composed of dead cells.
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Since each carbon nanotube in an array is not sufficiently long to reach the

nerve cells or living cells, pain and infection risk does not exist. This approach has
fewer penetrations into the skin surface than needle electrode models that work on

similar principles.

gate terminal of MOSFET

penetration
depth
stratum corneum layer h

U S )
H

living cells

carbon nanotube - skin interface carbon nanotube array grown on gate terminal

Figure 7.20 Two-dimensional view of the complete proposed electrode on the skin.

In the proposed electrode model, since the stratum corneum layer is

bypassed by employing carbon nanotubes, the use of the gel is no longer required.

Therefore, undesirable effects such as the electrolytic gel resistance (R,), gel-
stratum corneum interface potential (E.), and stratum corneum impedance effect
(R, —C,) on measuring biopotentials are eliminated, and the equivalent circuit of

Figure 3.2 is reduced to a much simpler form as shown in Figure 7.21.
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Figure 7.21 Electrical equivalent circuit of the proposed electrode-skin interface

The proposed electrode model and wet electrode model comparison can be
made according to the electrical equivalent circuits in the simulation environment.
By considering the wet electrode equivalent circuit shown in Figure 3.2, the

equivalent impedance can be written as Equation 7.20.

R R,

L S~ U E— (7.20)
1+(WR,C,) 1+(WR,Cy)

where Z, indicates the combination of the living dermis and subcutaneous tissue

while Rs specifies the resistance of electrolytic gel. R,—C, and R; —C; pairs

depend on the electrolytic gel, as shown in Figure 3.2. In long-term measurements,
the gel dries out. Additionally, other factors, such as perspiration, may change the
electrical properties of the electrolytic gel. Deteriorations on the gel affect the
contact impedance. The electrode—skin contact impedance dependence of certain
noises has been surveyed in the literature (Huigen et al., 2002), (Assambo et al.,

2007), (Kaczmarek & Webster, 1989), (Toazza et al., 1998). The signal quality is
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unstable when the wet electrode is used for long-duration measurements since

certain parts of noise depend on impedance. Instead of this design, in the proposed
electrode, since the electrode is directly in contact with the living cells without
conductive gel, parameters retain certain values for the long term. Thus, the
electrode designed in this study guarantees a more stable signal quality without
time dependence.

As shown in Figure 7.20, the gate terminal of the n-channel depletion type
MOSFET is covered with vertically aligned carbon nanotube arrays. Due to the
depletion-type transistor characteristics, the channel between the drain and source
is conducting, and current flow even though there is no voltage at the gate terminal.
When the proposed electrode is attached to the skin surface, the carbon nanotubes
at the gate terminal sense the biopotential signal. Oscillations of
electrophysiological signals sensed by carbon nanotubes appear on the current
flowing through the drain to source. AC equivalent of the proposed electrode

model is shown in Figure 7.22.
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Figure 7.22 AC equivalent circuit of the proposed electrode model
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The drain and source terminals of the transistors in the proposed electrode

model are electrically connected, as shown in Figure 7.23. Thereby biopotential
signals from different regions of the skin surface are accumulated. The measured
signals on the gate terminal control the drain current. At low frequencies (~1-5
Hz), the gate terminal of MOSFET exhibits an impedance that is too high to affect
the measured biopotential signal. Additionally, the n-channel depletion-type
MOSFET provides direct charge—current conversion, high dielectric insulation

with skin, and low-noise pre-amplification of electrophysiological signals.

ﬁ% ﬂﬁ jé ﬂﬁ

Figure 7.23 Circuit diagram of the proposed electrode that consisted MOSFETs
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8. SIMULATION RESULTS

In this section, simulations of the proposed electrode circuit equivalent and
the commonly used wet electrode circuit model are compared. Two cases of skin
condition are taken into consideration for comparison. They are prepared and
unprepared skin cases. The range of the typical numerical values of skin, gel, and
electrode parameters are taken from the study of Liu et al (Liu et al., 2004).

In this work, electrocardiogram, electromyogram and
electroencephalogram signals, selected randomly from the Massachusetts Institute
of Technology Beth Israel Hospital database, are used as the inputs as shown in
Figure 8.1 (a), Figure 8.1 (b) and Figure 8.1 (c), respectively. Fourier transforms of
the input signals are also given in Figure 8.2 (a), (b) and (c).
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Figure 8.1 Input signals of the proposed electrodes: a) ECG, b) EMG, ¢) EEG
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The stratum corneum layer parameters in the circuit equivalent shown in

Figure 3.2 are swept from the numerical values of prepared skin
(R, =10kQ/C, =10 nF) to the unprepared skin (R, =1 MQ/C, =40 nF). The

effect of stratum corneum layer parameters on the peak value of the captured signal
is shown in Figure 8.3. Obviously, an increase in the thickness of the stratum
corneum layer increases the contact impedance. Additionally, an increase in the
resistance of stratum corneum causes attenuation dramatically on the amplitude of

the captured signal, as shown in Figure 8.3.

250

150

100

Amplitude of captured signal (mV)

0 0.2 0.4 0.6 0.8 1
Resistance of stratum corneum (MQ)

Figure 8.3 Change of the captured electrocardiogram signal amplitude
depending on the stratum corneum layer resistance.

In this case, circuit equivalent model responses of the proposed electrode
on unprepared skin, wet electrode on prepared skin with gel and wet electrode on
unprepared skin with gel are simulated. Figure 8.4 shows the simulation results of
the three electrode models to the 2 Hz, 100 mV sinusoidal wave. Signal amplitude
obtained from the proposed electrode model maintains the 93.27% of the input

signal, whereas the signal amplitudes taken from wet electrodes on prepared and
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unprepared skin surfaces retain their input amplitudes 48.26% and 0.99%,

respectively.

100

1 | Baseline
) | Proposed model
Wet electrode on prepared skin

1 | Wet electrode on unprepared skin

Amplitude (mV)
(=]

-50

-100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 8.4 Responses of electrode circuit equivalents to the sinusoidal signal

Figure 8.5 shows the captured signal waveforms of the proposed electrode
and wet electrode models for ECG signal in two cases. The simulation results,
shown in Figure 8.5, are labelled 1 to 4 as the baseline, the proposed electrode on
unprepared skin, wet electrode on prepared skin, and wet electrode on unprepared
skin, respectively. Figure 8.5.(3) is the first case where the skin is well prepared,
and the electrolytic gel is applied. The results show that the amplitude of the input
signal is reduced to approximately half of the baseline. In the second case, the skin
is not cleaned from hairs and stratum corneum layer, the signal quality is quite
distorted, and the amplitude of the signal is reduced one-sixth of the baseline, as

shown in Figure 8.5.(4) (Istanbullu & Avci, 2019).
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Figure 8.5. Simulation results of the standard wet and proposed electrode model
for electrocardiogram signal input.

Data acquired from the standard wet electrode model for the second case
show a very high half-cell potential (~480 mV), where half-cell potential of case-1
(~290 mV) is lower than that in the second measurement set. The amplitude of the
signal captured by the proposed electrode is attenuated slightly and maintains the
baseline amplitude at approximately 93%. Additionally, the half-cell potential of
the proposed electrode model is considerably small (~30 mV) and lower than in the
first and second cases.

Similarly, EMG and EEG signals, given in Figure 8.1 (b) and (c), also
applied to the circuit equivalents of the three electrodes. The EMG signal is taken
from a healthy person with a 4000 Hz sampling frequency, whereas the EEG signal
is obtained by the 10-20 electrode system with 500 Hz sampling frequency. The
EEG signal, given in the Figure 8.1 (c), is the pre-frontal (Fpl) recording. Both
signal durations of EMG and EEG are 10 seconds. Signal responses of the
proposed electrode, as well as wet electrodes in two cases, to the EMG and EEG

inputs, are shown in Figure 8.6 and Figure 8.7, respectively.
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Figure 8.6  Simulation results to the EMG signal. (a) Proposed electrode , (b)
Wet electrode on prepared skin (¢) Wet electrode on unprepared skin.
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In Figure 8.6 (a), the EMG signal obtained from the proposed electrode
remains the amplitude of the input signal, whereas the amplitude of the signal,
taken from the wet electrode on the prepared skin surface with the presence of
conductive gel, is decreased approximately 60% as given in Figure 8.6 (b).
Moreover, the signal acquired from the wet electrode on the unprepared skin is
reduced considerably, as shown in Figure 8.6 (c).

Similarly, when the EEG signal is applied to the three electrodes,
comparable results are obtained with that of ECG and EMG inputs. The signal
output from the proposed electrode almost does not show voltage drop in contrast
with the wet electrodes, as given in Figure 8.7 (a). The simulation results show the
proposed electrode has much lower contact impedance and very high-quality signal
acquisition advantages. Although skin preparation and/or gel application are
performed in the both wet electrode acquisitions, the electrophysiological signal
qualities are much less than that of the proposed electrode, as shown in Figure 8.7
(b) and (c).

The Fourier transforms of obtained biopotential signals prove the
abovementioned considerations. Figures 8.8, 8.9 and 8.10 show the Fourier
transforms of the simulation outputs for ECG, EMG and EEG signal inputs. The
figures annotated with (a) show the Fourier transforms for the proposed electrode
model, whereas (b) and (c) give the Fourier transforms for the wet electrode on
prepared skin and the wet electrode on the unprepared skin, respectively. Figures
8.8 (a), 8.9 (a) and 8.10 (a) exhibit almost the same Fourier transform with respect
to that of original signals given in Figure 8.2 (a), (b) and (c). Fourier transforms for
wet electrode at the case-2 show considerable decrement on the amplitude of
principal frequency components as given in Figure 8.8 (b), 8.9 (b) and 8.10 (b). It
is obvious from the Fourier transforms for the wet electrode at case-1, the signal
amplitude is extremely reduced. Additionally, amplitudes of noise components are

increased considerably, as shown in Figure 8.8 (c), 8.9 (c) and 8.10 (c).
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9. CONCLUSION

During electrophysiological signal acquisition on the skin, the dead layer
stratum corneum affects the quality of the task. Electrolytic gel application and
skin abrasions are popular solutions for signal quality improvement. However,
these solutions have skin damaging or allergic reaction risks. Additionally, the
electrolytic gel is not suitable for long-duration measurements. Needle-array-based
solutions are alternative approaches to overcome the mentioned problems.

In this thesis, a novel MWCNT modified depletion type n-channel
MOSFET-based electrophysiological active dry electrode is proposed. The
vertically aligned MWCNT arrays are grown on the gate terminal of the MOSFET.
The MWCNTs penetrate the stratum corneum skin layer at the microscales. This
penetration eliminates the high impedance and noise effects of stratum corneum.
They also provide more firm attachment and stable low impedance contact.

The microscale lengths of MWCNT minimize pain and infection risks. The
properties of MWCNT do not contain any substances that are toxic to living
tissues. On the other hand, an application specific MOSFET device is designed and
simulated. The MOSFET provides direct charge—current conversion, high dielectric
insulation of gate oxide, and low noise pre-amplification on the signal.

The effects of stratum corneum layer and the conductive electrolytic gel on
the obtained biopotentials are shown in the simulation results given in previous
chapters. SC layer on the human skin exhibits resistive/capacitive medium
properties that lead to a voltage drop at the output of the electrode. Comparison of
simulations for case-1 and case-2 proves this phenomenon. Although conductive
gel reduces the significant decrease in signal amplitude, it cannot completely
prevent the distortion and noise on the signal, since it cannot completely eliminate
the effect of the SC layer. In contrast with the wet electrode cases, the proposed
electrode simulated for unprepared skin without conductive gel. Although it is

simulated at the worst case specifications, the proposed model obtained the highest
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quality signals. As shown in the Fourier transforms of the biopotential signal
outputs, the signal to noise ratio of the proposed electrode is higher than that of the
wet electrodes. The simulation results demonstrate and prove the efficiency of the
proposed electrode.

This electrode increases signal acquisition quality, reduces the noise from
the stratum corneum skin layer, eliminates electrolytic gel usage, and provides
stable impedance for long periods. The simulations demonstrate the efficiency and
importance of the electrode. This electrode may be used for abrasion and gel-free
electrophysiological signal acquisition even for long-term measurements without

biocompatibility problems.
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#Microfabrication of n-type Depletion Mode MOSFET

#Starting Athena

go Athena

#Defining Mesh

line x loc=0.0 spacing=0.1

line x loc=0.5 spacing=0.006

line x loc=1.2 spacing=0.006

line y loc=0.0 spacing=0.002

line y loc=0.2 spacing=0.005

line y loc=0.5 spacing=0.05

line y loc=0.8 spacing=0.15

#lnitilize Mesh

init silicon orientation=100 c.phos=1e14 space.mul=2 two.d

#Depositing Screening Oxide (15-25nm) to decrease the channeling effect
and to prevent contamination with substrate

diffuse time=30 temp=1000 dryo2 press=1.00 hcl=3

structure outfile=m1.str

etch oxide thick=0.02

# P-Well Implantation

implant boron dose=8e12 energy=100 pears

structure outfile=m3.str

tonyplot -st m3.str

#Well oxidation

diffuse temp=950 time=100 weto2 hcl=3

structure outfile=m4.str

tonyplot -st m4.str

#Drive-in

diffus time=50 temp=1000 t.rate=4.00 dryo2 press=0.10 hcl=3

diffus time=220 Temp=1200 nitro press=1
102



diffus time=90 temp=1200 t.rate=-4.444 nitro press=1
structure outfile=mS5.str

tonyplot -st m5.str

#Oxide removal

etch oxide all

structure outfile=m6.str

tonyplot -st m6.str

#Tip or Extension(LDD-light doped drain) Formation
implant phosphor dose=3.0e13 energy=20 pearson
structure outfile=mx.str

tonyplot -st mx.str

#Sacrificial Cleaning

diffus time=20 temp=1000 dryo2 press=1 hcl=3
etch oxide all

#Depositing gate oxide

diffus time=15 temp=925 dryo2 press=1.00 hcl=3
structure outfile=mS8.str

tonyplot -st m8.str

#Threshold adjusting implantation

implant boron dose=9.5e11 energy=10 pearson
#Depositing polysilicon

depo poly thick=0.3 divi=10

etch poly left p1.x=0.95

structure outfile=m10.str

tonyplot -st m10.str

#Light drain/source doping

method fermi compress

diffuse time=3 temp=900 weto2 press=1.0

implant phosphor dose=3.0e13 energy=20 pearson
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structure outfile=m1 1.str

tonyplot -st m11.str

#LPCVD step and anisotropic etching

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 dep.rate=0.1 u.m

deposit mach=SiLPCVD time=3.5 minute div=15

rate.etch mach=SiO2 rie oxide dir=0.15 is0=0.00 u.m

Etch mach=SiO2 time=140 second dx.mult=0.5

structure outfile=m12.str

tonyplot -st m12.str

#Heavy doping to form Source/Drain

implant arsenic dose=5.0e15 energy=50 pearson

structure outfile=m13.str

tonyplot -st m13.str

# Thermal annealing

method fermi compress

diffuse time=1 temp=1000 nitro press=1.0

#Contact opening

rate.depo mach=SiLPCVD cvd oxide step.cov=0.6 dep.rate=0.1 u.m

deposit mach=SiLPCVD time=3.5 minute div=15

etch oxide left p1.x=0.5

structure outfile=m15.str

#tonyplot -st m15.str

#Metal deposition

rate.depo machine=SputteringAl aluminum n.m sigma.dep=0.80 uni
dep.rate=100 angle1=60

deposit machine=SputteringAl time=3.5 minutes div=50

etch aluminum right p1.x=0.6

#Mirroring

structure mirror right
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#Definitions of terminals

electrode name=gate x=1.2 y=0.1

electrode name=source x=0.1

electrode name=drain x=2.3

electrode name=substrate backside

structure outfile=nmos.str

tonyplot -st nmos.str

#Extracting threshold voltage

extract name="nldvt" 1dvt ntype vb=0.0 gqss=1¢10 x.val=1.2
#Starting Atlas to obtain electrical characteristic curves
go atlas

contact name=gate n.poly

contact name=drain aluminum

interface qf=3e10

models cvt srh print

solve init

#For 1d-Vd curve

solve vgate=1.1 outfile=solvel 1

solve vgate=2.2 outfile=solve2 2

solve vgate=3.3 outfile=solve3 3

load infile=solvel 1

log outfile=NMOSvgl 1.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3
load infile=solve2 2

log outfile=NMOSvg2 2.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3
load infile=solve3 3

log outfile=NMOSvg3 3.log

solve name=drain vdrain=0 vfinal=3.3 vstep=0.3
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tonyplot -overlay NMOSvgl 1.log NMOSvg2 2.log NMOSvg3 3.log
#For 1d-Vg curve

solve vdrain=0.2 outfile=solve0 2

solve vdrain=0.4 outfile=solve( 4

solve vdrain=0.6 outfile=solve0 6

load infile=solve(0 2

log outfile=NMOSvd0 2.log

solve name=gate vgate=-10 vfinal=10 vstep=0.2

load infile=solve(0 4

log outfile=NMOSvd0 4.log

solve name=gate vgate=-10 vfinal=10 vstep=0.2

load infile=solve0 6

log outfile=NMOSvd0_6.log

solve name=gate vgate=-10 vfinal=10 vstep=0.2

tonyplot -overlay NMOSvd0 2.log NMOSvd0 4.log NMOSvd0 6.log
quit
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