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ABSTRACT

Ph. D. Thesis

PREPARATION OF AL/p-Si STRUCTURES WITH ZnFe.O4 DOPED PVA
INTERLAYER AND INVESTIGATION OF ELECTRICAL AND
DIELECTRIC PROPERTIES IN WIDE RANGE OF FREQUENCY AND
VOLTAGE

Jaafar Abdulkareem Mustafa ALSMAEL

Karabiik University
Institute of Graduate Programs

Department of Electrical & Electronics Engineering

Thesis Advisor:
Assoc. Prof. Dr. Serhat Orkun TAN
May 2023, 116 pages

In this study, it is aimed to reveal the reliability and performance of the organic
interlayered metal-semiconductor (MS) structures and its electronic components by
investigating the electrical, dielectric and admittance chararacteristics. In this context,
instead of using traditional dielectric/interlayer structures at MS interface, ZnFe;Os-
PVA is preferred as an interlayer. For this reason, many studies have been performed
including various electrical, dielectric and input parameters. Al/p-Si structures with
ZnFe>04-PVA interlayer prepared by electrospinning method were investigated by
using capacitance and conductance (C&G/w) data in a wide frequency range of
0.5kHz-3000kHz and voltage range of +4V. The voltage dependent C&G/w data of
Al/(ZnFe;04-PVA)/p-Si structure was compared and analyzed at low and high

frequencies such as 10kHz and 1000kHz. It is noted that in the resulting capacitance-



voltage (C-V) curves, a peak in the negative direction is observed, which can be
categorized as negative capacitance (NC) behavior. NC is a phenomenon that occurs
at relatively lower frequencies and is mostly produced by injection of minority carriers,
surface states (Nss), and series resistance (Rs). Due to the different values of the
relaxation times (t) and the Nss distribution, the NC behaves differently at low and
high frequencies and loses its activity with increasing frequency. The Nss distribution,
which affects the electrical properties, was acquired by using three methods as
admittance method, high/low frequency method, and Hill/Coleman method. In the
admittance method, Nss and t values were calculated from the maximum value of the
parallel conductance (Gp/w) corresponding to the frequency for different voltages. In
addition, the Nicollian/Brews method was used to calculate the Rs values. Corrected
capacitance (Cc) and corrected conductance (Gc/w) graphs were created to eliminate
the Rs effect. C2-V graphs were used at the inverse bias to determine the barrier height
(dB), Fermi energy level (Er), concentration of doped acceptor atoms (Na), depletion
layer width (Wg), and maximum electric field (Em) in the range of 40-1000 kHz. In
order to reveal the dielectric properties, complex dielectric constants (€', €"), complex
electric modulus (M', M"), tangent loss (tand), AC electrical conductivity (ca) and
impedance values (Z*) were investigated in the ranges of 0.5kHz-3000kHz and +4.0
V. Consequently, especially at low and moderate frequencies, such parameters as, Nss,
polymer interlayer, dipoles or surface polarization affect the electrical and admittance
parameters of the structure depending on the applied biases. In addition, dielectric
parameters are considerably dependent on frequency and polarization, and its NC
behavior at low frequencies reveals that the structure has extraordinary dielectric

properties.

Key Word  : Metal-Polymer-Semiconductor structure, Zinc ferrite, Dielectric
properties, Electric modulus, AC conductivity, impedance,
admittance, Surface States, Negative Capacitance, Series Resistance,
Frequency and Voltage dependence.

Science Code : 90543



OZET

Doktora Tezi

ZnFe;04 KATKILI PVA ARAYUZEY TABAKALI Al/p-Si YAPILARIN
HAZIRLANMASI VE ELEKTRIKSEL VE DIELEKTRIK
OZELLIKLERINIiN GENIiS FREKANS VE VOLTAJ ARALIGINDA
INCELENMESI

Jaafar Abdulkareem Mustafa ALSMAEL

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Elektrik ve Elektronik Anabilim Dah

Tez Danismanai:
Dog¢. Dr. Serhat Orkun TAN
Mayis 2023, 116 sayfa

Bu calismada, organik ara tabakali metal-yar1 iletken (MS) yapilarin ve elektronik
bilesenlerinin elektriksel, dielektrik ve admittans 0Ozelliklerinin incelenerek
giivenilirliginin ve performansinin ortaya ¢ikarilmasi amag¢lanmaktadir. Bu baglamda
MS arayliziinde geleneksel dielektrik/ara katman yapilari kullanmak yerine ara katman
olarak ZnFe>0s-PV A tercih edilmistir. Bu nedenle ¢esitli elektriksel, dielektrik ve giris
parametrelerini iceren birgok caligma yapilmistir. Elektroegirme yontemiyle
hazirlanan ZnFe2Os-PV A ara katmanina sahip Al/p-Si yapilar, 0.5kHz-3000kHz genis
frekans araliginda ve £4V voltaj araliginda kapasitans ve iletkenlik (C&G/w) verileri
kullanilarak incelenmistir. Al/(ZnFe2Os-PVA)/p-Si yapisinin voltaj bagimli C&G/®
verileri 10kHz ve 1000kHz gibi diisiik ve yiiksek frekanslarda karsilastirilarak analiz
edilmistir. Ortaya ¢ikan kapasitans-voltaj (C-V) egrilerinde, negatif kapasitans (NC)

Vi



davranigi olarak kategorize edilebilecek negatif yonde bir tepe gozlemlendigine dikkat
cekilmektedir. NC, nispeten daha diisiik frekanslarda meydana gelen ve ¢ogunlukla
azinlk tasiyicilarin, yiizey durumlarinin (Nss) ve seri direncin (Rs) enjeksiyonu ile
tiretilen bir olgudur. Gevseme siirelerinin (t) ve Nss dagiliminin farkli degerleri
nedeniyle, NC diisiik ve yiiksek frekanslarda farkli davranir ve artan frekansla
aktivitesini kaybeder. Elektriksel oOzellikleri etkileyen Nss dagilimi, admittans
yontemi, yiiksek/diisiik frekans yontemi ve Hill/Coleman yontemi olmak iizere ii¢
yontem kullanilarak elde edilmistir. Admittans yonteminde, farkli gerilimler ig¢in
frekansa karsilik gelen paralel iletkenligin (Gp/®w) maksimum degerinden Nss ve 1
degerleri hesaplanmistir. Ayrica Rs degerlerinin hesaplanmasinda Nicollian/Brews
yontemi kullanilmistir. Rs etkisini ortadan kaldirmak i¢in diizeltilmis kapasitans (Cc)
ve diizeltilmis iletkenlik (Gc/w) grafikleri olusturulmustur. C2-V grafikleri 40-1000
kHz araliginda bariyer yiiksekligini (®g), Fermi enerji seviyesini (Er), katkili alict
atomlarin konsantrasyonunu (Na), tiikenme katmani genisligini (Wq) ve maksimum
elektrik alanini (Em) belirlemek igin kullanilmistir. Dielektrik 6zelliklerini ortaya
¢ikarmak i¢in karmasik dielektrik sabitleri (g', "), karmasik elektrik modiilii (M', M"),
tanjant kayb1 (tand), AC elektriksel iletkenlik (cac) ve empedans degerleri (Z”) 0.5kHz-
3000kHz ve £4.0V araliginda incelenmistir. Sonug olarak, 6zellikle diisiikk ve orta
frekanslarda, Nss, polimer ara katmani, dipoller veya ylizey polarizasyonu gibi
parametreler, uygulanan gerilime bagli olarak yapinin elektriksel ve admittans
parametrelerini etkilemektedir. Ayrica, dielektrik parametreleri de 6nemli Slglide
frekansa ve polarizasyona bagli olup diisiik frekanslardaki NC davranisi, yapinin

olaganiistii dielektrik 6zelliklere sahip oldugunu ortaya koymaktadir.

Anahtar Sozciikler : Cinko ferrit, Metal-Polimer-Yar1 iletken yapi, Dielektrik
ozellikler, Elektrik modiilii, AC iletkenligi, empedans,
admittans, Yiizey Durumlari, Negatif Kapasitans, Seri Direng,
Frekans ve Voltaj bagimliligi.

Bilim Kodu : 90543
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SYMBOLS AND ABBREVITIONS INDEX

SYMBOLS

A Angstrom

Au :Gold

Ag : Silver

Ar : Argon

Al : Aluminum

C  :Capacitance

Ci  : Capacitance of insulator layer
Cs : Space charge capacitance

dox : Thickness of insulator layer
dox : Thickness of interfacial layer

d : Thickness of the insulator/oxide layer
Ei :Intrinsic energy

Eqy :Forbidden energy gap

Ev  : Valence (valence) band edge energy
Ec : Conductivity band edge energy
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CHAPTER 1

INTRODUCTION

Nowadays, the development of clean energy, healthcare, military systems,
transportation, computing, communications, and many further applications are mainly
relying on semiconductors, a critical electronic device component. However,
rectifying devices for metal-semiconductor (MS) contacts are among the most
common appliances in the technology industry. The rectifying MS contact, also known
as the Schottky-barrier-diode (SBD), is a device based on majority carriers. It is crucial
to understand MS structure because of the importance of their electrical qualities in

terms of technology [1].

Several methods have been developed to minimize leakage current and interface state
density (Nss) by using interlayer, including using materials such as ZnO, NiO, SisNa,
Al;03, GeO2, and TiO; at the MS interface [2].

Choosing the suitable layer between the metal and semiconductor is crucial for
optimizing performance and managing charge transfers in these structures. High
dielectric constant materials, such as those that passivate the surface, limit leakage
current, provide a controllable current-delivery mechanism, and approach the rectifier

characteristic, are often used for these interface layers [3], [4].

Organic polymers, such as polyaniline (PANI), polypyrrole (PPy), poly(ethene),
poly(3-hexylthiophene), etc., have been utilized as interlayers in various applications
due to their flexibility and cost-effectiveness, making them suitable for large-scale
production [5], [6]. In recent years, a range of processing techniques, including self-
assembly, solid-liquid phase separation, template synthesis, and electrospinning, have
been used to produce the organic polymer [7]. Electrospinning technology is a

technique used to fabricate polymer filaments using electrostatic force which is used



in many composite applications of polymers. The technology can be used to
manufacture nanofibers and nanometer-based fibers for applications in electronics,
medicine, and advanced materials. It is done by discharging a compound solution of
the polymer through a spray nozzle and applying an electrical voltage to the compound
solution [8], [9].

Polyvinyl alcohol (PVA) have become an essential research topic for most scientists
due to their numerous functionalities, lightweight, low cost, and exceptional chemical
stability [10], [11], [12]. The distinctive characteristics of PVA (high film-forming
capacity, a wide range of crystallinities, high water solubility (SW), etc.) can be
changed or improved physically and chemically by the addition of a new material
structure as well as by the additive concentration and the method of fabrication [13],
[14], [15]. Usually, these PVAs have poor electrical conductivity, such as a very high
dielectric constant. However, doping an appropriate metal or metal-oxide compound

can adjust its conductivity and dielectric permittivity [16], [17], [18].

Metal ferrite has attracted significant interest due to their exceptional electrical and
magnetic properties, making them suitable for a wide range of applications. These
unique characteristics make metal ferrite nanoparticles a topic of great fascination and
a sought-after material for various industries and fields [19]. Iron oxides and other
metal oxides are the principal sources of ferrites. Spinel ferrites have the chemical
formula MFe>QO4, where M can be any metal, such as nickel, cadmium, magnesium,
cobalt, and zinc. In electronic domains, zinc is frequently utilized as an oxide-based
varistor [20],[21]. The properties of ZnO-based have been improved by numerous
modifications to the synthesis process, experimental setups, etc., to achieve the
necessary qualities for different applications [22],[23]. Spinel zinc ferrite (ZnFe204)
has been attractive in scientific research mostly used of its responsiveness to visible
light, magnetic permeability, high photochemical stability, excellent electrical
conductivity, and cost-effectiveness [24],[25],[26],[27],[28].

Since silicon (Si) is more stable and inexpensive, it is typically chosen as
semiconductor. However, metals like gold (Au), silver (Ag), and aluminum (Al) are

frequently used to prepare high-purity structures like MS, Metal-Insulator-



Semiconductor (MIS), or Metal-Polymer-Semiconductor (MPS). When forming a
rectifier contact, it is crucial to choose the suitable metal based on the type of
semiconductor being used. The working function of a metal determines its suitability
for rectifier contacts. If the semiconductor is n-type, a metal with a more work function
from the semiconductor must be chosen, while for p-type semiconductors, a metal with
a less work function is required. Hence, properly understanding the semiconductor

type and metal working function is crucial in ensuring an efficient rectifier contact.

In the current research, the fabrication steps of Al/(ZnFe.O4-PVA)/p-Si structure were
carried out, and their essential electrical and basic dielectric parameters were evaluated
at room temperature in wide range of frequency(0.5kHz-3000kHz). Capacitance-
voltage (C-V) and conductance-voltage (G/®-V) measurements were performed to
determine these parameters. The results indicated that both the capacitance (C) and
conductance (G/w) values decreased with the increasing frequency. These findings are
significant as they provide essential information about the electrical, dielectric and
admittance behavior of the Al/(ZnFe-.04-PVA)/p-Si structure, which is crucial for its

potential applications in various fields.

The changes observed in the electrical, dielectric and admittance parameters were
referred to the existence of Nss at the (ZnFe204-PVA)/p-Si interface. Three approaches
were employed to gain insights into the Nss, the low/high frequency capacitance
(CLr/ChE) and the admittance properties of Nss, which were dependent on voltage, and
another approach, the Hill/Coleman, based on frequency. It was found that the
parameters declined with increasing frequency. This decline is referred to the ease with
which the Nss can monitor the AC signal at lower frequencies. Furthermore, the Rs
properties were studied using the Nicollian/Brews approach. The corrected
capacitance (Cc) and corrected conductance (Gc/w) properties were computed by
correcting the C-V and G/w-V characteristics to determine the effect of Rs on the MPS
structure. These findings have essential implications for comprehending the electrical
behavior of the MPS structure its potential use in various fields. Some characteristic
parameters like barrier height (®g), maximum electric field (Em), depletion layer width
(Wa), Fermi energy level (Er), and concentration of doped acceptor atoms (Na) were
derived from C2-V.



The complex dielectric constant (&', €") and its ratio known as the tangent (tand), the
electrical conductivity (oac), the electrical modulus (M', M") and the impedance (Z',

Z") of a material could be determined by utilizing the C and G/® values at various
frequencies. As the frequencies were varied, it was observed that as frequencies
decreased, €', €", and tand increased, while M', M", and o4 increased. These findings
are significant in understanding dielectric properties of the material at different
frequencies, which is essential for its use in various applications. Furthermore, to
comprehend the relationship between the frequency and the electrical, dielectric and
admittance properties of the material provide valuable information to achieve better
the performance at electronic devices. The polarization mechanisms of the interlayer
induced this situation due to the Nss charges that may monitor the alternating current

signal at lower frequencies.

According to some studies, various devices have different physical mechanisms that
cause negative capacitance (NC) behavior. The NC phenomena can be comprehended
by analyzing C-V and G/w-V data. In light of this data, electronic devices such as SBD
(MS, MIS, MPS type), light-emitting diodes (LED), organic light-emitting diodes
(OLED), heterojunctions, and detectors can display an NC behavior. The NC behavior
of a device indicates that the material shows an inductive tendency by decreasing the
charge on the electrodes as the biases increase [29]. Three factors may cause NC, the
rapid movement of minority carriers in semiconductors, restriction of the ionization

processes, interfacial charges and interfacial conditions at Rs, and the MS interface.

In this research, Al/(ZnFe;O4-PVA)/p-Si structures were prepared in the laboratory by
inserting a ZnFe;O4-doped PVA interface into Al/p-Si structure. The findings of
electrical, dielectric, and admittance properties of the MPS structure were found to
depend on the interlayer properties at the MS interface, the Rs, and the inhomogeneity

in the @g.

Three approaches were utilized to determine the characteristics of Nss such as
low/high frequency capacitance, admittance, and Hill/Coleman. The maximum value
of parallel conductance (Gp/m) calculated from the admittance approach is used to

determine the Nss. The peak frequency related to Gp/® also used to determine
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relaxation times (1) of the Nss. The findings of this work showed a strong relationship
between the frequency, applied voltage values, and (the electrical, dielectric and
admittance) characteristics of the Al/(ZnFe.O4-PVA)/p-Si structure.

1.1. LITERATURE

The electronics industry places greater importance on conducting polymers and
organic semiconductors, as they exhibit photovoltaic and rectifying effects when
interfaced with metal. However, understanding the mechanisms of MS contacts is a
challenge due to multiple factors that affect Nss and Rs, such as the presence of
insulator or polymer layers between the semiconductor and metal, voltage direction,

temperature, semiconductor type, and doping atom density [30].

Previous researchers have conducted the formation mechanisms of interfaces in MS
contacts and the impact of these interfaces on current conduction in polymer-based
MPS contacts. However, there is currently a limited of detailed studies in the literature
concerning the electrical, dielectric and admittance characteristics of Al/(ZnFe>Os-
PV A)/p-Si structure across a wide range of frequencies and voltages.

In 1931, Schottky, Stormer, and Waibel conducted the first study on MS contacts,
observing a decrease in potential across the entire contact when a current was present.

They attributed this phenomenon to the presence of a ®g [31].

The 1960s marked a golden era for the development and research of SBD, and the
discovery of SBD led to significant advancements and applications in the field. In
1969, Crowell and Roberts investigated the energy distribution of Nss in Au/n-Si SBD
by analyzing their C-V characteristics. However, they did not assess whether this
distribution aligned with the distribution curve derived from the diode's I-V

characteristics [32].

Card and Rhoderick conducted a study in 1971 where they demonstrated, through
theoretical and experimental analyses, that the Nss in MS contacts are in equilibrium



with either the metal or semiconductor, depending on the value of the perfect factor
obtained from the diode's straight-feed I-V characteristics [33].

In 1987, Hua and Wu studied the charging behavior of Nss and its effect on the
nonideal I-V and C-V characteristics of SBD. They improved interlayer theory by
considering localized Nss and extracted physical properties of the interlayer from
experimental reverse I-V characteristics. They also obtained the density distribution of
Nss, which was compared to the multifrequency admittance method and found valid
[34].

An evaluation of the forward C-V plot of the MIS SBD was conducted by
Chattopadhyay and Raychaudhuri in 1992, using an admittance model that takes into
account the effects of Rs. They found that the G values of the structure change in steps
with frequency, which poses a problem for Nss determination using the conductance
method. These G values are connected to Nss and Rs. They also indicated the

insufficiency of the conductance technique in determining the Nss of MIS SBD. [35].

Lee and his colleagues (2003) investigated the behavior of organic diodes with a
pentacene/aluminum SBD contact, focusing on their I-V, C-f, and C-V characteristics.
They found that the C values of the device keeps almost constant with reverse bias at
low frequencies but increases with forward biases. At higher biases, the C values
decreases due to trapped charges being released. They also found that the C-V
properties of the MOS device were like properties of the ITO-pentacene-Al structure
but shifted towards reverse biases because of the impact of the pentacene-SiO, contact

charges [36].

In 2006, Wang and his colleagues prepared Au/GaN SBD on two types of GaN
epilayers. They used I-V and C-V characteristics to investigate the SBD. They found
that the ones with higher carrier concentration and stronger yellow emissions showed
anomalous behavior in reverse biases. They attributed these behaviors to the existence
of deep-level centers, where they could determine the energy and density level position
using the simulation of C-V plots at low frequency. They concluded that deep-level

centers are important for determining the electrical properties of the SBD [37].



In their study published in 2009, Korucu and co-authors examined (C-V) and (G/®-V)
properties of Au/n-InP SBD. They observed a NC phenomenon in forward biases
during their investigation. They explained to the loss of Nss differences at energy states

below the Ef, resulting from ionization [38].

In 2011, Altndal and Uslu published their findings on the frequencies-dependent (C-
V) properties of Au/PVA/n-Si (MPS) device. They noticed that after 30 kHz, NC
values disappear. The researchers observed that the NC values increase as the
frequency decreases under forward biases. The researchers explained that as the
temperature increases at forward biases, the negative value of the C decreases, leading
to increment in G. Additionally, the experimental data of C were found to increase as
the temperature increased and changed in the direction of zero bias. The researchers
attributed these changes to the effects of increases in polarization and a greater amount

of carriers in the structure affecting C and G/ values [39].

In 2012, a study was conducted by Vural and other researchers to investigate the
impact of temperature on the NC in (Al/rhodamine-101/n-GaAs) (SBDs). The results
showed a clear trend of NC across different temperature ranges. The researchers
concluded that the NC behavior in the forward biases was because of the loss of
charges at the MS interface due to the effect of ionization. This highlights the
importance of considering the impact of temperature on NC in SBD [40].

Gokgen and his colleagues (2013) studied the dielectric properties of Bi>O3-dispersed
PVA in Au/PVA/n-Si structure. They found that the dielectric properties such as €', €",
and tano are highly dependent on voltage and frequency, especially in the positive
voltage region at low frequencies. They noticed that there is an increase in M’ values
as the frequency increments, which is caused by the dielectric relaxation increment.
The study concluded that dispersing Bi>Os into PVVA improves the dielectric properties
of Au/PVA/n-Si and makes it more compatible for use in electronic packaging,
electrical cable insulation, and high-performance capacitors [41].

In 2014, Bouiadjra and other researchers conducted a study to examine the behavior

of (Ti/Au/GaAsN) SBD. The study found that variations in measurement techniques



and inhomogeneities in ®g, which resulted from a gap between ®g as estimated from
current-voltage (1-V) and C-V measurements, influenced the results. Specifically, for
SBD with 0.8% and 1.2% nitrogen content, the team found that the peak C behavior
and frequency dependency were related to the elimination of trap levels below the
midgap. These findings highlight the importance of considering the effects of
measurement techniques and inhomogeneities on the behavior of SBD [42].

In 2015, Ozdemir and his colleagues prepared an Au/Poly (3-Substituted Thiophene)
(P3DMTFT)/n-GaAs structure and performed it at room temperature. The
experimental data C-V showed that NC in the forward biases was more prominent at
lower frequencies, and its absolute value increased as frequency decreased.
Reaserchers determined that NC behavior was caused by the impact of ionization
processes on the lost interface charges of the taken states down the Er. Furthermore,
the behavior was related to the influx of extra carriers into the structure and an
increment in polarization, particularly at lower frequencies. These findings
demonstrate the importance of considering the effects of frequency on NC in this type
of structure [43].

Giilgin and other colleagues (2016), in their study, prepared CdS nanopowders using
ball-milling and deposited CdS-PVA nano-compound on a p-Si wafer utilizing spin-
coating. They measured the C-V and G/w-V characteristics of the prepared Al/CdS-
PVA/p-Si structure at different frequencies and biases. They evaluated Nss and Rs
values from the measurement C and G. They found that the values of Nssand Rs
decrease with increment frequency because of the frequency-dependent charges and
resistivity effect. They also observed peak behavior in the characteristics of Nss-V,
which was explained by the charge distribution at the interface of CdS-PVA/p-Si.
Their conclusion was that the measurement of impedance must take into account Nss

and Rsas they are crucial factors to consider [44].

Tan et al. (2016, 2017) conducted a study to investigate the frequency-dependent
properties of I-V, C-V, and G/®-V of Au/ZnO/n-GaAs under illumination ranging
from 0 to 0.2 kW at room temperature. The results showed a strong dependency on

applied biases, frequency, and illumination. The increase in bias led to an increase in



C values at 10 kHz, but decreased at a higher frequency of 500 kHz, leading to a
decrease in G values. The decline in C values corresponded to an increase in G values,
which was attributed to the effect of high frequency and polarization. The admittance
measurements showed sensitivity to frequency, illumination, and applied biases [45],
[46].

In 2017, Demirezen and his colleagues studied the electrical properties of
(Au/graphene oxide-doped PrBaCoO nanoceramic/n-Si) capacitors. They performed
admittance measurements in the frequencies range (1 kHz-1 MHz) at room
temperature. Their findings showed that the values of C and G were dependent on both
the frequency and the applied biases. The results showed two distinct peaks in the C-
V graph at low frequencies, which disappeared at higher frequencies. Further analysis
of C-V, Nss-V, and R;i-V graphs showed two peaks in forward biases, indicating that

the Nss is present in two zones between the Si layer and the interlayer [47].

In 2018, Kohardafchahi and colleagues prepared ZnO nanopowders using ultrasound,
characterized them with XRD and SEM, and used them to fabricate an Au/(ZnO-
PVA)/n-Si (MPS) structure on silicon wafers via spin-coating. They measured the
structure's electrical and dielectric properties using C-V and G/w-V techniques in a
frequency range of 1 kHz-5 MHz, finding high dielectric properties with €' (=30) at 1
kHz, suggesting its potential as an alternative to regular interlayers like SiO, and SnO:..
Dielectric parameters were strongly dependent on frequency, with &' decreasing and &"

increasing in the accumulation zone [48].

In 2019, Badali and colleagues investigated the dielectric characteristics of the
Ag/Rug.03-PVA/n-Si structure under varying frequencies and voltage. They found that
the interlayer, Nss, Rs, and polarization processes affect dielectric properties. They
observed that high values of €' and £" at low frequencies are due to conductivity related
to the mobility of charge carriers and the Maxwell-Wagner polarization mechanism.
They also noted that the Ruoo3-PVA layer might be utilized as a high dielectric
insulator to produce high-energy storage capacitors, replacing conventional materials

with low dielectric constants such as SiO2 and SnO- [49].



In the study by Dokme et al. (2020), the behavior of Au/n-GaAs contacts was
investigated by performing C-V measurements at low temperatures (T<300K) and at
a frequency of 1MHz. The study found NC values in the forward biases, which were
attributed to various factors, including the loss of interface charges at the junction, Nss,
and interlayer. In addition, the authors noted that the narrowing of the GaAs band gap
and the reorganization and rearrangement of surface charges could contribute to the
decrease in Rs and increase in Nss as the temperature increases. The findings of this
investigation provide valuable insights into the behavior of Au/n-GaAs contacts under
low-temperature conditions and help to understand better the underlying mechanisms
that drive NC behavior [50].

In their study, Aldirmaz et al. (2021) investigated the electrical and dielectric
properties of CUAIMnZn/p-Si SBD. They found that as the frequency decreased, the
values of C and G/o increased under forward biases conditions. This resulted in
noticeable frequency-dependent variations in the C-V and G/w-V properties of the
diodes. The researchers referred the rise in C values, especially at low frequencies, to
the existance of Nss at the MS contact [51].

Recently, there has been a significant surge in the number of research studies focused
on the configuration of the structure of MIS. However, only a few numbers of
investigations have consecrated explicitly on studying PVA with ZnFe;O4 as the

primary material for these structures.
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CHAPTER 2

THEORETICAL BASICS

2.1. METAL-SEMICONDUCTOR STRUCTURES

2.1.1. Metal-Semiconductor Contact Types

Metal-Semiconductor contact refers to the junction between a metal and a
semiconductor material, typically composed by depositing a metal onto a
semiconductor. This type of junction is commonly utilized in different electronic
devices because of its distinctive electrical and optical characteristics. The
characteristics of MS are essential for the functioning of these devices, and
considerable investigation has been conducted in this field [52]. The junction of a
metal and a semiconductor creates the rectifier contact. This type of contact is well-
known for rectifying electrical signals with fast response time and, making it a popular
choice for high-frequency applications and high-power electronic devices [53]. On the
other hand, ohmic contact is formed by alloying metal with the semiconductor,
creating a low-resistance contact which is required for interconnects and contacts in
integrated circuits. Both the rectifier and ohmic contacts are formed at the interface of
a metal and a semiconductor, where the formation process is affected by the work
functions of the metal (®m) and the semiconductor (ds), respectively. The work
function of a material is the minimum amount of the energy required to extract an
electron from the material and move it into a vacuum level [54]. The difference
between @ and @5 determines the type of contact that will be formed, either rectifier

or ohmic as shown in Table 2.1.
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Table 2.1. Formation of the rectifier and ohmic contacts according to work functions.

Metal(n-type) semiconductor contact Metal(p-type) semiconductor contact

O m>Ds Rectifier Contact DOm>Ds Ohmic Contact

D, <Ds Ohmic Contact DOm< Ds Rectifier Contact

2.1.2. n-type Metal-Semiconductor Contacts

An n-type semiconductor has several important applications based on its work
function, including its usage as an ohmic and rectifier contact forms. When a metal
and a semiconductor are in contact, there is a potential barrier because of the difference
between their work functions. Schottky-Mott's theory explains that electron transfer
from the semiconductor to the metal until they reach a common thermodynamic
equilibrium state, forming a rectifier contact if the ®n, is a smaller than the ®s [55],[56].
Additionally, if ®s is greater than the ®n, it forms an ohmic contact. In this thesis, p-
type MS contact formation is discussed detailly, since the formation of the structure
realized as Al/(ZnFe,04-PVA)/p-Si.

2.1.3. p-type Metal-Semiconductor Contacts

Schottky-diodes (SDs) are studied by bringing different semiconductors and metals
into contact in a controlled experimental setting. It is essential to analyze the
conductivity properties of metals, insulators, and semiconductors to understand the
behavior of these diodes. The Schottky-Mott model states that the potential barrier in
a SD is because of the variation between the ®n, and @ used in the device. The work
function of the involved materials determine whether the contact between the metal

and semiconductor behaves as an ohmic or rectifying contact [55],[56].

2.1.3.1. Rectifier Contact (p-type)

When a metal and a p-type semiconductor come into contact, an energy relationship is
formed between their respective Fermi energy levels, assuming that the semiconductor

has a lower Er than the metal and, ®s is higher than ®n. The transfer of electrons from
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the metal to the semiconductor continues until the Er is balanced, as shown in Figure
2.1 (b). In contrast, before contact, both the metal and semiconductor surfaces were
uncharged, and the band structure remained flat, as shown in Figure 2.1 (a). This
energy relationship and the transfer of electrons is critical in determining the electrical
characteristics of the junction and the functionality of electronic devices that utilize

this type of contact [56].
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Figure 2.1. Electron energy band diagram for rectifier contact (a) Before contact
formation, (b) After the contact is formed, (c) The forward biases, (d) The
reverse biases [57].

Where;
As : Electron affinity of the semiconductor
Ev : Valence band energy level

Ec : Conductivity band energy level

Upon the contact between a metal and a p-type semiconductor, where ®s > ®n, and the

semiconductor's Er is lower than that of the metal, an energy relationship formed
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between the Er of the metal and the semiconductor [58]. During contact, electrons flow
from the metal into the semiconductor, and the holes (positively charged carriers) flow
from the semiconductor into the metal until both Er is equal. This results in the creation
of a depletion zone at the interface where the majority carriers (holes in the p-type
semiconductor) are depleted, and the minority carriers (electrons in the metal) are
accumulated [52]. The increase in energy levels in the semiconductor side by (®s-®m),
which is equal to the surface barrier of holes on the side of the semiconductor, further

contributes to the formation of this depletion zone.

Vi = q(@5 — Ppy) 2.1)

Vi is the potential difference, and q is the electronic charge.

The potential inside a semiconductor relative to the metal surface is Vi. Thermal
excitation causes some holes on the metal and semiconductor sides to have enough
energy to overcome the barrier. In that case, the number of carriers crossing in both
directions will be equal until equilibrium is reached. However, opposite currents will
flow in the metal-semiconductor direction (Ims) and semiconductor-metal (lsm)
direction. At thermal equilibrium, the net current flow will be zero [59]. When the
forward biases (V) are applied to the semiconductor, the width of the depletion layer
decreases, and the energy level of the Er increases. As the voltage drops from Vi to Vi-
VE in this region, there is no change in the hole current flowing from the metal to the
semiconductor, but the hole current flowing from the semiconductor to the metal
increases by a factor of exp (eV/KT) as the energy levels in the semiconductor decrease
by eV. Energy range diagram of a properly aligned contact as seen in Figure. 2.1. (¢)
[54], [60]. When reverse biases (Vr) are applied to a semiconductor, the depletion
layer width and the Efr shift downward. As a result, the voltage across the contact
reaches Vi + Vg, and the hole current flowing from the semiconductor to the metal
decreases due to the exponential factor (eV/KT) as the energy levels in the
semiconductor increase by eV. Figure 2.1(d) illustrates this in the energy-band

diagram of the reverse-biases contact [57].
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2.1.3.2. Ohmic Contact (p-type)

Figure 2.2(a) presents the energy band diagram of a p-type semiconductor with a lower
work function than the metal with which it is connected. This figure also displays the
metal and semiconductor's energy-band diagrams before the contact's formation. This
type of contact, which lacks rectifying properties, is known as an ohmic contact [61].
As the contact is completed, electrons move from the semiconductor to the metal,
remaining a hole on the semiconductor side until thermal equilibrium is achieved. At
this point, the Er in the semiconductor and metal are equivalent, leading to the
semiconductor acquiring a positive surface charge and the metal attaining a negative

surface charge.
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Figure 2.2. Electron energy band diagram for ohmic contact (a) Before contact
formation, (b) After the contact is formed, (c) The forward biases, (d) The
reverse biases [57].

The electrons that transferred from the semiconductor to the metal are collected at the

boundary where the metal and semiconductor are in contact. When the equilibrium is
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reached, the semiconductor's Er drops by the ®s-®r, value, as shown in Figure 2.1(b)
[62]. As a result of the enhanced electron concentration in the metal, a layer of positive
charges develops at the interface of the semiconductor and the metal, creating a surface
charge layer. It is evident that no depletion zone is included within the semiconductor,
and no potential barriers prevent the flow of holes between the semiconductor and
metal in either direction. At the interface, the electron concentration increases, and the
highest resistance in the system are found in the semiconductor structure. Whether
forward or reverse, any applied biases provide a current flow through the contact, as
shown in Figures 2.2 (c) and (d). The direction of the polarization does not affect the

current flow through the contact. It is determined by the resistance of the contact [63].

2.2. METAL/INSULATOR-(POLYMER)/SEMICONDUCTOR STRUCTURES

MS structures have a critical function in the electronic device industry. The insertion
of a interlayer between the metal and semiconductor leads to forming either MIS or
MPS structure, depending on whether the interlayer material is inorganic or organic,
respectively [64]. The interlayer serves as a control unit to charge transferring between
the metal and semiconductor. When an interlayer and Rs are present in MS structures,
the applied voltage is distributed to the interlayer via the Rsand diode of the structure,
resulting in a different current conduction mechanism in MIS/MPS structures

compared to the MS structure.

Metal Rectifier Contacts

/ \
® & O e g
® & e
interlayer
e VG

Semiconductor

Figure 2.3. Schematic of the MIS/MPS structure.
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The interlayer acts as a barrier between the metal and the semiconductor and regulates
charge transitions. In MS diodes that have both an interlayer and a Rs, the structure
receives an applied voltage (V) distributed across both the Rs and diode [54].

2.2.1. Ideal MIS Structures

The Rs and Nss may have low values that can be ignored in the ideal (MIS/MPS)
configuration, while the short circuit resistance will be in the order of MQ. The energy
band diagram of an ideal (MIS/MPS) structure is seen in Figure. 2.4 for the case of V
= 0. The diode has an ideality factor of 1, passing almost no current when operated in
the reverse biases while it conducts in the forward biases [52].

The difference between the ®n, and @s is zero; when there is no voltage applied to the

structure,
E

@ms=d>m—<)(s+£+ ‘I’B>=(Dm—d>s =0 n — type (2.2)
E

Dy :q)m_<)(s+£_q]3>:(pm_(ps =0 p — type (2.3)

Where ys is electron affinity of the semiconductor, Ws is the energy variation at the Er
and the intrinsic energy level (Ei), and Eg is the forbidden energy gap of the

semiconductor.
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Figure 2.4. Energy-band diagram of an ideal MIS structure at V = 0 for (a) p-type
semiconductors (b) n-type semiconductors [52].

As a positive voltage is applied to the metal plate in an ideal MPS structure, charge
transitions occur in the semiconductor. The free charge density in semiconductors is
lower than in metals and dependent on voltage. The bands bend due to the space charge

at the insulator/semiconductor interface.
Non-free charges in a semiconductor-metal interface can form either an accumulation

or space charge region depending on voltage. The energy band diagrams of an ideal

MPS structure according to the applied voltage are presented in Figure. 2.5.
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Figure 2.5. Energy band diagrams for Vo, in an ideal (p-type) MIS structure (a)
Inversion state, (b) Depletion state (c) Accumulation state [65],[66].

2.2.1.1. Inversion

In MPS structures where p-type semiconductors are used, applying forward biases (V
> () to the structure initially causes the E; and Er energy bands to bend as in Figure
2.5(a). A decrease in hole density and an increase in electron density on the
semiconductor surface leads to an inversion of carrier types. The p-type semiconductor
then behaves like an n-type semiconductor, a state known as the inversion state. This
phenomenon can be stated as inversion state of the p-type structure [65].

2.2.1.2. Depletion

As forward biases (V>0) are applied to a p-type semiconductor MPS structure, the
electric field at the polymer interface layer removes holes from the surface of the
semiconductor, resulting in a lower hole density at the surface compared to the interior.
This causes the Ec and Ev bands to bend downward, as shown in Figure 2.5 (b). As a
result, the Er of the semiconductor near the surface shifts toward the conduction band,
creating a zone where the majority carriers (holes) are depleted, and the minority

carriers (electrons) are in excess. This is known as the depletion state, where the bands
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bend downward, and the majority of holes are depleted in the interfacial region,
creating a depletion zone of width on the surface [65].

2.2.1.3. Accumulation

As reverse biases (V<0) are applied to the ohmic and rectifier contacts of an MPS
structure utilizing a p-type semiconductor, an electric field is composed between the
contacts, causing holes (majority charge carriers in the semiconductor) to be attracted
towards the semiconductor-polymer interface. As the majority of carriers are pulled
away, the top of the semiconductor's Ev bends upward and reaches the Er, as illustrated
in Figure 2.5 (c). In ideal MIS or MPS structures, the Er stays constant within the
semiconductor when there is no charge flow. As the density of the holes is highly
dependent on the difference between Er and Ev, band bending occurs near the surface
of the semiconductor, resulting in the accumulation of the majority of carriers on the
surface. As the Ev bends and nears the Er, the conduction band also bends in the same

direction, and this situation is called accumulation [65].

. (c) accumulation i

— (b) depletion

Capacitance (F)

(a) inversion
I Y I T

I N N [ - T B

Voltage (V)

Figure 2.6. (p-type) MIS (C-V) characteristics under the application of a voltage in
different states, (a) Inversion state, (b) Depletion state (c) Accumulation
state [52].

Figure 2.6 illustrates the MIS (C-V) characteristics for a p-type structure, indicating
the inversion, depletion, and accumulation states. The C-V characteristics of the p-type
structure show a curve that starts from the inversion state, rises through the depletion
state, and peaks at the accumulation state.
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2.3. THE SOURCES OF PERFORMANCE LIMITING ON THE MIS
STRUCTURE

Performance limiting factors on a MIS structure can significantly impact the device
performance. Some of the primary performance limiting factors have been explained
by considering some important parameters such as, barrier height homogeneities,

doping concentration, series resistance, and interface states.

2.3.1. Barrier Height homogeneities

Barrier height homogeneities in MIS systems refer to variations in the energy required
to overcome the barrier at the interface between the metal and the semiconductor.
These variations can significantly impact the performance of electronic devices such
as solar cells and transistors. Variations in the ®g at the MS interface in solar cells can
substantially affect their efficiency but can be reduced through surface passivation
techniques [67]. Additionally, variations in the dg can significantly impact the
performance of silicon-on-insulator (SOI), metal-oxide-semiconductor (MOS), and
transistors. However, a high-quality oxide interface can minimize this effect [68]. The
dg is subject to various spatial changes and exhibits a homogeneity distribution due

to the metal or semiconductor in the MS contact roughness, as presented in Figure 2.7.

Semiconductor

Figure 2.7. Three-dimensional energy band diagram of the MS contact barrier
inhomogeneities [69].
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2.3.2.1. Measurement of Barrier Height (C-V)

Barrier height homogeneities in MIS systems can be studied using C-V measurements.
These measurements involve applying voltage biases across the MS interface and
measuring the resulting capacitance related to the ®g at the interface. Nss and defects
can cause the ®g variations at MIS interfaces. Minimizing variations in the ®g at MIS

interfaces can be achieved by using a high-quality interface [70].

The ®g variations at MIS interfaces can also be caused by the chemical composition
and morphology of the interface. Minimizing variations in the ®g at MIS interfaces
can be achieved by using an appropriate surface preparation technique [71]. C-V data
is an essential tool for studying ®s homogeneities in MIS systems and help to
comprehend the implying mechanisms and factors that affect the performance of
electronic devices. Further research is needed to develop new techniques for

controlling and optimizing these interfaces.

The ®g can be determined by the relevance between C (depletion-layer capacitance

per unit area) and V and expressed by the following equation (4).

o 2V +Vr)

= — 2.4
qgsgoAzNA ( )

Where A, is the rectifier contact area of the structure, V is the forward bias voltage,
V, is the intersection voltage, &s and &, are the permittivity of the semiconductor and
free space, respectively. The ®g for each frequency is acquired by using the equation

below:
kT
Pp(C — V) = (Vo +7)+ Er (2.5)

Here, T is the absolute temperature, K is Boltzmann's constant, and it is equal to
1.38064852x103(m2.kg.s2. K1).
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2.3.2. Doping Concentration

The concentration of doping has a vital impact on the functioning of MIS devices.
Doping refers to introducing impurities into a semiconductor material to change its
electrical characteristics [72]. In MIS devices, the semiconductor layer is typically

doped with p-type and n-type impurities.

However, a higher value of Na can also lead to increased leakage current and decreased
breakdown voltage, which can negatively impact the device's performance. The Na
represents an essential role in the performance of MIS structure, and the optimal Na
depends on the specific application.

2.3.2.1. Measurement of Doping Concentration

The measurement of doping concentration in a MIS structure can be done by utilizing
C-V measures. The slope of the C-V curve can be utilized to compute the Na in the

semiconductor by using the following equation [73].

2
N, =
47 gege, A2tan(0)

(2.6)

2.3.3. Series Resistance

Series resistance in a MIS structure refers to the resistance between the metal contact
and the semiconductor at the interface. The influence of the Rs on the MIS structure
becomes more significant, as voltage levels increase, which leads to a decline in the
current, as shown in Figure 2.8. This resistance can significantly impact the

performance of devices like MIS, solar cells, and field-effect transistors [74].
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Figure 2.8. Effect of Rs on MS contacts.

One of the primary sources of Rs in an MIS structure is the barrier, which forms at the
interface between the metal and the semiconductor due to the difference in electron

affinity between the two materials [75].

Various techniques have been developed to reduce the Rs in a MIS structure, such as
decreasing the ®g by using a metal with a lower ®r, and a high melting point. Another
way is to use a thin passivating layer between the metal and the semiconductor to
reduce the depletion zone and improve the contact between the metal and the
semiconductor. The Rs in an MIS structure can be a constraining factor in the

performance of devices, and various techniques have been developed to reduce it [76].

2.3.3.1. Measurement of Series Resistance

Series resistance in MIS measurements can significantly affect the measurement

results' accuracy, particularly at high frequencies. Measurements of admittance are

frequently employed to ascertain the electrical characteristics of MIS structures [77].
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The Rs increases from the contact resistance between the metal and semiconductor
which can result in a deviation of the measured admittance from the actual value. This
can lead to errors in determining essential parameters such as the Nss [78]. Admittance
measurements in strong accumulation can be applied to determine the Rs of the MIS

structure, as illustrated in Figure 2.9 below.

Figure 2.9. The equivalent circuit of the MIS structure for measurd circuit.
Yima = G + jwCppy (2.7)

Where Ym, Cm, and Gn are the measured value of admittance, capacitance, and
conductance of MPS structure, ® is the angular frequency and C; is interlayer

capacitance [79].

Gm b wCp
G2+ w2CZ G2 + wiCE

Zm =1/Y,, = (2.8)

Where Zn is the measured value of the impedance of the MPS structure, and the real

part of Z is series resistance.

G

___m 2.9
G2 + wC, (2-9)

Rs

By using the equation of Rs, Cj can be obtained as:
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¢ =Cp [1 + (G—)Zl 2.10)

wCp,

To remove the impact of Rs, the desired frequency, the corrected capacitance, and the

corrected conductance can obtain from the equations below:

(G + (@Cn)*]Cr
Ce= = s @l (2.11)

(G5 + (wCp)?]a

G. = 2.12
¢ = T @2+ ()2 2.12)

Where a is derived from the equation:

a= Gy, —[G4 + (wCp)?]R;s (2.13)

2.3.4. Interface States

The density of interface states in MIS structures measures the defects or impurities
located at or near the interface among the metal, interlayer, and semiconductor [74].
These Nss can function as recombination locations for charge carriers, leading to
decreased efficacy and a lifetime of semiconductor devices. As seen in Figure 2.10, it
has been observed that the ideal structure of a MIS structure can deviate from the ideal
structure due to various factors. These factors may include interfacial charges, oxide
layers, ionized traps in the interlayer, and interfaces in the real MIS structure.
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Figure 2.10. Nss and charge ratio in an MIS structure are imperfect.

Furthermore, several factors can affect the Nss of MIS structures, including the
thickness of the interlayer, the material used for the interlayer, and the quality of the
interface. The thickness of the interlayer can affect the Nss by controlling the number
of defects or impurities trapped at the interface. The material used for the interlayer
can also affect the Nss, with certain materials having a higher Nss than others. The
quality of the interface is also essential, as a poor interface can lead to an increased
Nss [80]. It's significant to mention that Nss is a crucial parameter for the device
performance of MIS structures, including field-effect transistors (FETS) and MOS
capacitors. Therefore, research has been performed to minimize Nss for improved

device performance [81].

When the AC signal is applied, the C-V characteristics exhibit a frequency
dependence. The formation of the wider carrier band, pickup and transmission
processes occur when the AC signal is delivered to the depletion zone [82]. The doping
density of the semiconductor and thickness of the interlayer do not impact the charge
density (Qss) of Nss. The Nss to produce an extra effect of capacitance and resistance
to space charge capacitance (Csc). The Nss, defined as the interface charge per unit

energy, is given by equation (14).
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dQSS

Nss = —F

(2.14)

E is energy, and it can define as E = qW¥. In equation (14), if the derivative of E is
used, the result is dE = dqW¥s. The following equation represents the Nss when the
equation (14) is rearranged.

N — dQSS — dQSS dlIUS — ldQSS
ST dE ~ d¥, dE  q d¥,

(2.15)

The doping density in the semiconductor and the interlayer thickness have no
correlaton on Qss, which is the charge density. By using the equation, the interface

capacity Css is determined by equation (16).

dqQ
Css = dESS

A (2.16)

Where A; is the area of the interlayer. As shown in Figure. 2.10, the fundamental
equivalent circuit illustrates the impact of Nss, parallel capacitance (Csc), and series

resistance (Rss) on space charge capacitance.

(@) (b)
1 1
—— Css _— Css
Cse—— ——Cs,
Rss é ; % Rss
]
Figure 2.11. Equivalent circuit for MIS structures (a) One power level and (b) Multiple

power levels.

The existence of Nss and oxide charges caused the MIS structures to deviate from the
ideal state. The peculiar atom in the semiconductor crystal structure generates a

significant number of allowable energy levels close to the forbidden energy band of
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the semiconductor-metal interface, which has a detrimental effect on the structure's
performance [83]. Figure 2.12 depicts an equivalent circuit that illustrates the impact
of Nss.

(a) (b) (©)
1. 1. ]
T 1

— (g
Cp—— —Cp iGp ——c, I(_;m

R

Figure 2.12. Equivalent circuits for interstitial states in MPS/MIS structures with (a)
Rs and (b) no series resistance. (c) measured circuit [84].

Cbp is the depletion layer capacitances of the interlayer semiconductor. relaxation times
of Nss, defined as the multiplier (CsRs), impacts how the Nss behave, as seen in Figure.
2.12(a). The parallel circuit illustrated in Figure 2.12(b) can be represented using the
frequency-dependent capacitance (Cp) and the conductance (Gp) in parallel. The

expressions for the parallel circuit is derived as below [85].

1 1
Y =—+——=jwCp +

=G wC. 2.17

1

In this case, Gp and Cp expressions are as follows.

. 1 Cow?t 518

P7Rp ™ 1+ w2r? (2.18)
Cs

CP = CD == 1-{—0_)21'2 (219)
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Where Rp is the parallel resistance and Cs is the series capacitance. The measurement
circuit represents the measurement of the capacitance Cr, and the conductance Gm, as
demonstrated in Figure 2.12 (c).

2.3.4.1. Measurement of Interface States

The density of interface states in MIS structures is an important parameter that can
affect the performance of semiconductor devices. Determining the Nss of MIS
structures can be done experimentally by applying various techniques. One standard
method for determining the Nss of MIS structures is C-V measurements. This
technique applies a voltage bias to the metal- interlayer interface, and the resulting
alteration in the system's capacitance is measured. This can provide information about
the density and distribution of Nss. The C-V measurement is helpful because it can
provide both the flat band voltage and the built-in potential of the interface, from which
the Nss can be calculated [84].

(a) Admittance Method

The admittance method determines the Nss at the MIS interface. The technique can
provide accurate measurements at low temperatures for a wide range of the applied
biases [86]. The approach is based on the measurement of the C-V properties of the
MIS structure. The basic principle of the admittance approach is to obtain the
capacitance of the MIS structure as a profile of the applied biases. The Nss can be
computed from the maximum peak of Gp value. The maximum peak is referred to the

Nss by the following equation:

(Gp/w)max
ss = W (2.20)
Where Gp is obtained from comparison Figure 2.12. (b) and (c).
GmC?
GpJw = Worm> i 2.21)

[Gh + 0?(C;— Cn)?]
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From the peak frequency of maximum values of Gp/w, it can be used to calculate the

Nss time constant, also known as lifetime and relaxation time (r).

1.98
= — 222
= (2:22)

Where wyp is the angular frequency at the peak of Gp, and q is the electronic charge.

(b) Low/High Frequency Capacitance Method

The low/high frequency capacitance approach is a technique used to determine the Nss
at the MIS interface. The technique depends on the measurement of the capacitance of
the MIS structure at two different frequencies, one at low frequency (LF) and the other
at high frequency (HF) [79]. The calculation of Nss involves the determination of the
variation between the capacitance values measured at two distinct frequencies. This
method, developed by Castagne/Vapaille [87], starting with the equation below:

_ Ci(CD + Css)

Cop=— 557 2.23

LE7 ¢ 4+ Cp + Cg (2.23)
C;Cp

_ 2.24

C.r and Cqr are the capacitances of the MIS structure at low and high frequencies,

respectively. Css is the capacitance associated with the Nss, which can be defined as:

Css = [( CLLF —Ci)_l— (i —1) ] (2.25)

The Nss can be computed from the following equation:

-1

Ngs = (in)[( CLLF —Cil) - (CLHF _cll) ] (2.26)



One of the features of the LHFC approach is that it is less sensitive to the effects of
the dielectric constant and thickness of the interlayer compared to other methods, such

as the admittance method.

(c) Hill Coleman Method

The Hill/Coleman method is used in semiconductor physics to measure the density of
Nss at a MIS interface. It involves measuring the interface's C-V properties and then
analyzing the data using the Hill/Coleman equation, which relates the Nss the change
in capacitance with voltage [44]. The method is commonly utilized to investigate the
characteristics of MIS interfaces. It is beneficial for characterizing the quality of

interfaces in semiconductor devices.

The analysis proposes that a primary equivalent circuit, indicated by the
Nicollian/Goetzberger model, can effectively represent the impacts in an MIS
capacitor. This circuit includes various variables, as depicted in Figure 2.13. This
circuit can also represent substrate impedance (Zs) [88].

Zy — Cp—— — Zg

Figure 2.13. MIS capacitor effective equivalent circuit.
Ze=Zpy— (wC)™? (2.27)
The substrate admittance (Ys) can be derived based on the above analysis.

_ G +j(ow - |Ym|2/wci)2
(Gm/wci)z + (1 - Cm/Ci)Z

Ye (2.28)
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Measured data can be used to calculate substrate conductance (Gs):

G
" G/ @C)? + (1 = Cp/C)?

Gs (2.29)

To determine an Nss distribution, the peak in G/ related with frequency can be used
to evaluate the surface state density. This information can then be used to find the Nss

from the following equation.

Ny = -5 (2.30)

(2.31)

Substituting equation (29) into equation (30), the expression can be formed as below
(31).

2 (G / ©ma
B qAL((Gr / ®)max/C)* + (1 — Cpr/ C)?

N (2.32)

2.4. NEGATIVE CAPACITANCE

Some researchers have recently characterized negative capacitance behavior as
improperly specified peak values, although the full scope of these values has not to be
thoroughly explained yet. The influence of NC was typically regarded as abnormal
behavior in the literature. Accordingly, NC values observed in experimental
measurements were supposed to be brought on by issues like interference from
induction, poor measurement, or calibration error [89],[90],[91]. The mechanism of
NC could be attributed to the material's inductive activity. According to the studies on
NC behavior, this behavior can be seen at many frequencies and in the proper

temperature polarization region [89],[90],[91].
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The NC physical mechanism behaves very differently on various devices. Although
the Nss is a part of the injection of charge carriers, the physical mechanism of the
injection is still not completely comprehended [92]. Temperature- and frequency-
dependent admittance spectroscopy data (C-V and G/®-V) can be used practically to
describe NC behavior. An increase in voltage leads to a decrease in current and vice
versa in the device with NC behavior. In contrast to a conventional capacitor, where
an increase in voltage lead to an increment in current. NC can be achieved by
introducing a non-equilibrium electron distribution in the device, which can be done
using various methods, such as the injection of the application of a bias to a
ferroelectric material. Although the NC phenomenon may seem complex, it can be
noted that in recent years, there has been continuous research to make it more
understandable over time, especially with the use of ferroelectric materials in some

structures such as transistors.
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CHAPTER 3

DIELECTRIC CHARACTERISTICS

Dielectric is an insulator material whose energy band gap is relatively large. This
means that a higher amount of energy is required for band-to-band transitions, and
charge carriers in a dielectric are mainly injected from external sources. The electrons
in the outermost shell of atoms or molecules that comprise the dielectric material
interact with external forces such as electric fields, resulting in dielectric phenomena.
However, these materials exhibit the capacity to form electrical polarization with a
minor change in the charge centers when exposed to an electric field. Many electronic
devices require dielectrics, insulator materials, to stop electrical charges from leaking
[93].

When insulating layer, oxide layer and polymer layer are inserted between metal and
semiconductor by using appropriate techniques, MIS type, MOS type and MPS type
structures are obtained, respectively. The electrical and dielectric properties of these
structures can be tested depending on several factors, such as frequency, temperature,
and voltage. Organic polymers are highly durable materials that can withstand extreme
conditions such as high temperatures, radiation, chemical attacks, and electrical and
mechanical stresses. As a result, they are ideal for usage in demanding applications
such as nuclear power plants and space exploration. Polymer materials also possess
the unique property of electrical charge storage. Although this attribute may not be
desirable in some applications like electrical equipment and the petrochemical
industry, it is highly beneficial in other applications such as photocopying and

telecommunications [94].

The thickness of the insulator layer plays a vital role, and structures behave more like

capacitors than diodes when the insulator layer has a specific thickness. For example,
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when the thickness of the insulator layer in the MIS structures is more (100 A -200 A),
the structures behave more like capacitors than diodes, which can store charges rather
than transmit them [95]. Dielectric permeability and ease of growth are additional
essential aspects in the creation of materials, in addition to thickness. A thin interlayer
or interface with a high dielectric constant is necessary for the diode to have an ideality
factor close to 1 [96].

3.1. NON-DIELECTRIC AND DIELECTRIC CAPACITORS

Figure 3.1 illustrates the configuration of parallel plate capacitors, characterized by a
surface area A and an interface width d.

Figure 3.1. Parallel plate capacitor without the insulator.

The capacitor makes up two parallel plates with upper positive charged (+Q) and
bottom negative charged (-Q). Charges can easily travel from one plate to the other if
there is no polymer or insulator dielectric substance between them. The capacitor can
be easily charged if these plates are connected to the voltage source's terminals [97].
The equation below can be used to represent the electric field strength between the
plates:

=2 3.1)
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In this case, &, is the free space's dielectric permittivity. The surface charge density (o)
is another quantity. At a distance of (d) between the plates, the potential difference (V)
can be expressed as,

V=Ed (3.2)

The equation represents the total capacitance between the two conducting plates (3).

= (3.3)

Here Q is the sum of the charges on the two plates.

3.2. DIELECTRIC PARALLEL PLATE CAPACITOR

If the gap between the two plates of a parallel plate capacitor is filled with a
polymer/dielectric material, the dielectric constant (a product of €' and €") increases
the capacitance of the capacitor. Figure 3.2 shows a schematic representation of a

parallel plate capacitor with a dielectric material between its plates [97].

Dielectric E ¢

material

++++++1.V
/

Figure 3.2. Parallel plate capacitor with insulator.

The capacitance for a parallel plate capacitor (the potential difference between its
terminals V, and the electric field E,) is represented by the symbol C, in the absence

of a dielectric. When an electrical insulator is placed between two plates of a capacitor,
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the potential variation and electric field in free space are modified by a factor of 1/¢".
This arises from the presence of an insulator that affects the electric field. This
relationship can be expressed mathematically, and it is used to calculate the behavior

of capacitors with insulators [98].

m‘| NS

(3.4)

(3.5)

m\| OD‘J

Because the capacitor's charge Q remains constant, the capacitance value increases by
a factor equal to the coefficient ¢'.

c=%_£%_ . (3.6)

The capacitance of a parallel plate capacitor is written as follows when insulator

material fills the space between the plates.

&g A 37
- d (')

3.2. DIELECTRIC POLARIZATION

3.2.1. Polarization Charges

Under the influence of an electric field, dielectric materials undergo a process where
their positive and negative charges displacement in opposite directions. Dielectric
polarization is the name given to this phenomenon. Induced charges are the electric
charges that exist on the surface of an insulator substance. The induced charges, which
are not free, induce polarization by producing a depolarizing field in the dielectric

opposite the field's direction [93].
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In an external electric field, dielectric materials' charges become polarized in opposite
directions, producing a dipole moment. The charges return to their initial condition
when the electric field is eliminated, which means that the net dipole moment is (zero).
As shown in Figure. 3.3, the induced charges that form on a dielectric surface when
exposed to an electric field can be considered a terminal charge of dipole chains

extending across the dielectric volume [99].
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Figure 3.3. Orientation of dipoles when exposed to an external electric field.

Polar charges in a dielectric material produce an internal electric field (E_p)) that is

directed in the opposite direction from the external electric field (ET) that polarizes

the material [100]. A field that attempts to resist polarization is (E_p)). The direction of
the resultant field is always the same as that of (ET). it can express the entire electric
field as

E=E,+Ep (3.8)

Since the ( E,) field and the (ET,) field, which causes the material to be polarized, are

moving in opposing directions, it can be written as a scalar:
E=E,—Ep (3.9)
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The capacitor's plates have a free charge density of o, and the front surfaces of the
dielectric material confronting the plates have a polarization charge density of op.
Depending on the electric field can be represented as o, Eo, and op, Ep.

o Op

E,=—, Ep = 3.10
0 & P & ( )

In order to express the resulting field in the dielectric material, it is stated as the

effective charge density (c—op).

o op 1
E=———=—(0—o0p) (3.11)

& &o €o

When a dielectric material is inserted between the plates of a capacitor, a dipole
moment is created. This happens because the negatively charged plate induces positive
charges on the surface of the dielectric material facing it, while the positively charged
plate induces negative charges on the surface facing it. As a result, a separation of

charge occurs, giving rise to a dipole moment.

The dielectric polarization (P) of linear and homogeneous dielectrics can be calculated
by the relation where each dipole moment of each P, represented by C/m? at each
dielectric point, is directly proportional to the resulting field of E [101].

P =¢e,yE (3.12)
Here, () represents the electrical susceptibility of the dielectric.

y=¢ec—1 (3.13)

The dielectric displacement (D) (polarization effect), often known as the electric flux

density, is stated as

D=¢gE+P (3.14)
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Dielectric displacement can be rewritten as equation (13) and equation (14).

D =¢,E(1+ y) =¢€'e,E (3.15)

3.2.2. Polarization Mechanisms

Atoms or molecules with one or more of the four primary forms of electrical
polarization. Fundamentally, there are such kinds of polarization, including electronic
(optical), atomic (ionic), Orientation, and interfacial polarization (space charge).
Electronic and ionic polarization in dielectric materials happens more quickly than in
other types. Therefore, fast polarizations may be termed short polarizations, depending
on the time scale [102]. Figure 3.4 depicts the scenario of such polarization
mechanisms both in the absence of an external electric field and the presence of

external electric fields respectively.

E=0 E E=0 E
(a) (b)
* “ + AN + AMMN
E=0 5 E=0 E
(c) (d)
+ + &+ L A
+ + | L ] +-7 &=
L + + LB B
+ + L B

Figure 3.4. Conditions of polarization mechanisms before and after the applying of the
electric field (a) Electronic polarization (b) Atomic polarization (c)
Orientation polarization (d) Interfacial polarization [103],[104].

The various mechanisms response to the alternating electric field at various

frequencies differently. The responses of the various polarization types in the various

frequency ranges are shown in Figure 3.5.
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Figure 3.5. Frequency dependence on polarization [94],[105].

3.2.2.1. Electronic (Optic) Polarization

When an electric field is applied, it happens in all atoms and ions which can be seen
in all dielectrics even when no other types of polarization are present. A neutral atom
has a positive nucleus in the middle, surrounded by clouds of electrons. In this
condition, the atom's charge centers are out of synchronized, resulting in induced
dipole moments. Electronic polarization is the term used to describe this kind of

polarization.

Atoms act like transiently produced dipoles under this type of polarization, which can
be conceptualized as the displacement of electrons about atomic nuclei. This
polarization occurs at ultraviolet and visible frequencies (~10'° Hz) (Figure 3.5). In
other words, electronic polarization happens quickly, in 101 seconds [106]. The
electronic polarization has a relatively brief dielectric loss (Figure 3.4. (a)). The square
of the optical refractive indices for these non-polar materials is equal to the dielectric
constant (n?=e), and only electronic polarization occurs in non-ionic insulators. It

represents the Maxwell relationship.

3.2.2.2. lonic Polarization

The polarization brought on by the electric field intensity of "+" and "-" charged ionic
nuclei connected by ionic bonds is known as the "ionic polarization phenomena”
(Figure 3.4b). Atomic (ionic) polarization refers to the induced dipole moment

produced by departing from the orbits of these ions in the existence of an external
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electric field. When the positive charges are pointed in the same direction as the
electric field, the negative charges are pointed in the opposite direction [107].

Although the time constant of ionic polarization is relatively short (10" to 102
seconds), it is still longer than that of electronic polarization [106]. This polarization
renders the Maxwell relationship useless. The square of the optical refractive index

will never be smaller than the relative dielectric parameter.

3.2.2.3. Orientation Polarization

The molecular dipoles' orientation is indicated by the polarization of the direction
(Figure 3.4. (c)). When the dipole is directed in materials with molecular electrodes in
an electric field, polarization takes place, and these interactions take place in the
microwave area. Dipole polarization happens when the external electric field is
applied, creating a force moment (Figure 3.4. (c)). The dipoles spin under the applied
field when subject to an external electric field. The dipoles stay aligned when the field
is removed, resulting in permanent polarization [108]. The regulation of molecules'

thermal motion in an external electric field causes dipole (orientation) polarization.

3.2.2.4. Interface-Space Charge Polarization

The polarization that happens as ions move across several atomic distances is known
as space charge polarization, and it is the slowest process. The capacity of charges to
leap through the gaps determines the frequency response of this mechanism. A charge
can migrate along the surface of a dielectric substance when an external electric field
is applied to it [106]. Sometimes, the charge carriers (holes and electrons) associated
with the insulating molecules and atoms might be self-displaced within the dielectric.
The capacitance increases when these carriers pass via an external electric field (Figure
3.4(d)) [104].

The impurities bring interface polarization in the forbidden energy range and an
insulator layer at the interface of structures like MIS/MOS/MPS. Maxwell-Wagner

polarization is another name for interface polarization. The polarized insulator layers
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display different capacitor characteristics, interfacial voltage variation, and electric
field.

3.3.3. Electric Field and Dielectric Loss in Dielectrics

An essential component that sheds light on the electrical properties of the insulator is
the fact that the charges within it respond to the externally applied electric field. As a
result, the simple electrical circuit is coupled with the insulator material. Entry
spectroscopy allows for the differentiation of the structure of a parallel plate capacitor
that is filled with a dielectric [109]. According to this,

Y =G +jwC (3.16)

It is written as follows, Y is the admittance, G is the conductance, w is the angular

frequency, and C is the total capacitance. This statement is written as follows:
Y = G + jw (Cye™) (3.17)
It can be written as C, is the capacitance of the capacitor in the absence of a dielectric,

and €* is the relative dielectric permittivity constant of the dielectric relative to the

gap. Relative dielectric constant can be expressed as in the below equation.
e (w) = €' (w) — j&'(w) (3.18)

According to this,
Y =G + jwC, (¢ — je'") = (G + we'"Cy) + jwC,ye' (3.19)

Because impedance is also the opposite of admittance,

, 1 1
" jwC + G jwCye" + G

(3.20)
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The imaginary and real parts of the admittance expression are written as above. The
impedance is the reverse of admittance (Z = 1/Y), the expression for the dielectric
constant, and the loss, respectively. It has been simplified to be [94].

g =— (3.21)

y_ G _ Gd 1 (3.22)
¢  wC, we, A wRC, '

The equivalent electrical circuit of insulator material may be a RC circuit. The current
flows through an empty capacitor when an AC voltage is applied as /2 (=90°) leading
of the voltage. The action of the polarization causes a loss if an insulator material is
placed between the plates, and as a result, the phase difference decreases to smaller

angles. The current is in the capacitor when AC voltage is supplied (V =V, Coswt);

I =L+ = (G + jwe'Cy)V (3.23)
I and I represent the loss current in phase with the voltage and the charge current with
the phase difference, respectively. Where 1, and Ic are given with below expressions
[94].

I, = GV = we"C,V (3.24)

I. = wCV = we'C,V (3.25)

. load current (I.)

& Loss current ([})

>

Figure 3.6. Relationship between a dielectric capacitor's charge current (I¢) and loss
current (Iy).
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The term, depicted in Figure 3.6, is defined as the phase shift caused by the action of
the alternating current on the sample between the periodic electric field of the insulator
and its incompatible electric displacement. The tand measures the period loss of energy
capacitively held in the sample, and it is expressed as the dielectric tangent angle or
the loss angle. The loss current and the loss angle will increase as the insulator
material's conductivity increases. The ratio of the loss current to the charge current
during measurement yields the loss angle. It is acquired as in the following equation,
(26) [110].

Lans = |loss current| || &' 1 326
ano = |charge current|  |I| &  wRC (3.26)

Particularly at relatively high temperatures and when the dielectric constant is
exceptionally high because of polarization and electronic carrier, the complex
electrical modulus (M*) can be utilized to assess the dielectric behavior of a polymer
material. The ion or matrix energy distribution in a structure is measured by using the
complex electric modulus spectrum. It also explains electrical relaxation and the ionic
charges' microscopic characteristics. The dynamic characteristics of charges within the
material are thus reflected in the complicated electric modulus spectrum [111]. The

inverse of complex dielectric constant defines the complex electrical modulus.

1
M == = jC,Z" (3.27)

M = M + jM" (3.28)

From here, equation (26) can be arranged as follows.

Y L L (3.29)
e ST +e"? g e? '

Here, M"and M" are the real and imaginary parts of the electrical unit, while M* is its

complex electrical modulus.
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CHAPTER 4

MATERIALS AND METHOD

4.1. BASIC PROPERTIES OF POLYMER

Polyvinyl alcohol is a versatile polymer that has gained significant attention for its
desirable properties in various applications, such as pharmaceuticals, biologicals, and
partitioning. Its chemical structure is simple, consisting of a hydroxyl group attached
to the primary polymer chain. However, the monomer, vinyl alcohol, is unstable and
typically converted to acetaldehyde during production through a process known as
geotropism. PVA is created by polymerizing poly (vinyl acetic acid derivation) from
vinyl acetic acid derivation and subsequently hydrolyzing it. The varying properties of
PVA appear depending on the degree of hydrolysis [112].

PVA is a copolymer derived from vinyl alcohol and acetic acid, explicitly designed
for practical usage. It is a polymer that dissolves in water, made by hydrolyzing a
polyvinyl ester (polyvinyl acetate). This solid polyhydroxy polymer can be formed
into various shapes, such as films, tubes, or fibers, with one of the highest solvent
resistance ratings of any synthetic resin. Due to its hydrophilicity and ease of
processing, PVA is the most commonly used organic structure for nanofibers that can
produced by the electrospinning method [113].

The amount of hydrolysis in PVA can significantly affect its chemical composition,
solubility, and crystallinity, as the polymer has a side group of hydroxyls and a simple
chemical structure. The specific gravity range of PVA is between 1.19 to 1.31 g/cm?,
and it has a melting point of 228 C [114].
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Figure 4.1. Chemical structure of vinyl alcohol.

Figure 4.2. Chemical structure of polyvinyl alcohol [115].

PVA is a highly versatile polymer that has a broad range of applications in various
sectors due to its exceptional chemical and physical resistance. Compared to other
polymers, PVA is an excellent solvent and adhesive, making it highly useful in the

industry.

PVA is commonly used as a binder for fluorescent pigments in television tubes and
polarizing lenses, as well as for the production of vinyl acetals and aqueous adhesives.
In the textile sector, it is mainly employed as a protective colloid in emulsion
polymerizations and as an adhesive. Moreover, PVA is utilized in the manufacturing
of cement and water-soluble packaging. Its wide range of applications are the

indication of its usefulness as a polymer in various industries [116].
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4.2. ELECTROSPINNING METHOD

Electrospinning is a widely recognized and preferred method for producing thin
polymer nano-films, utilizing four key components: an electrically conductive
collector, a syringe pump, a spinneret, and a high-voltage power supply as seen in
Figure 4.3 (b) [117]. Compared to other coating methods, electrospinning offers
several advantages. Firstly, it enables the homogeneous dispersion of metal or metal-
oxide particles in polymeric materials. Besides that, electrospinning produces nano-
sized particles rather than micro-sized materials, allowing for uniform coating of
semiconductor wafers. Moreover, electrospinning is both cost-effective and easy to
fabricate thin polymer films. As a result, the electrospinning technique is widely
utilized in various scientific and technical disciplines, such as materials science,
polymer engineering, and electronics. As well as the usage of polymer thin films has
been subjected to many studies on SBDs [39],[49],[83],[91].

(a) ©  FYRONIX900
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Figure 4.3. (a) The photo of electrospinning device that use in this studty (b)The
schematic diagram of electrospinning.

During electrospinning, the polymer solution is either melted using heat or dissolved
in a solvent before being drawn into a syringe. At the end of the syringe, a metal needle
Is attached. A syringe pump is utilized to deliver the solution steadily to the metal
needle. A high voltage is applied to create a suspended droplet of the polymer solution,
which results in static charging at the spray nozzle. The induced charges are distributed
equally across the surface, creating a liquid jet that quickly electrifies. This swiftly
electrified liquid jet forms a long, thin filament, continuously elongating as the solvent

evaporates, forming fibers [118].

4.3. BASIC PROPERTIES OF ZINC FERRITE

Recently, transformation metal ferrite nanoparticles have gained significant attention
due to their unique characteristics which make them useful in various fields such as
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magnetic refrigeration systems, magnetic storage, catalysis, ferrofluids, and
biomedicine [119].

Zinc ferrite is a metal ferrite nanoparticle with its highest electric resistance. Due to its
cost-effective production and simple blending cycle, research and development on this
material is extensive. ZnFe,O4 has various exceptional characteristics like excellent
radiation resistance, high ferromagnetism, high energy efficiency, high thermal
conductivity, stable immersion charge, low thermal expansion coefficients, a narrow
line width in ferromagnetic resonance, and high electrical resistivity [120]. ZnFe;O4
has exceptional mechanical, thermal, magneto-resistive, magneto-optical, and electric
properties. These properties make it a versatile, valuable material in various
applications such as sensors, actuators, magnetic components, lasers, microwaves,

electrochemical equipment, and anode materials for batteries.

MFe,Oys is the general formula for face-centered cubic (fcc) crystallizing cubic spinel
ferrites, which have this structure. M refers to the metal ion. Two cations occupy the
tetrahedral and octahedral positions in the fcc lattice created by the O2 ions in these
structures [121].

ZnFex04 is the synthetic piece of a combination of oxides having a place with a
massive collection of ferrites of the overall equation (MFe.O4). Ferrites generally
comprise two Fe*® cations and a solitary divalent cation. The metal ions which can be

used for M are as follows; Zn*?, Ni*?2, Mn*?, Ba*?etc [122].

ZnFe;04has a typical spinel structure, crystallizing common framework (y =B =a =
90, a=b =c). The oxygen molecules are constructing an organization of close-pressed
face-focused cubic pressing of molecules. In the AB2O4 spinel structure, divalent
cations (A) occupy tetrahedral sites, while trivalent cations (B) occupy octahedral
sites. The spinel unit cell is composed of 8-unit cells. The entire unit cell contains eight
divalent cations (Me*?), 16 trivalent cations (Fe*3), and 32 oxide anions (O?). Figure

4.4 illustrates the crystal structure of a spinel [123].
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Figure 4.4. The crystal organization of spinel.

Figure 4.5 shows that in ZnFe2O4 with a typical spinel structure, Zn*? ions settle in the
A region and Fe*3ions in the B region. The net magnetization decreases to zero due to
the interaction between the Fe*3 ions in the B region, which cancels their magnetic
moments. The Zn*2 ion does not increase the magnetic moment of ZnFe,O4. Hence
there is no net magnetization. However, ZnFe;O4 is antiferromagnetic in terms of
crystal orientation. Standard spinel ZnFe;O4 is antiferromagnetic below the crucial
temperature (10 K), but it becomes paramagnetic once it reaches this temperature
[124].

O ssie e
B Site ions Tetrahedral site

Oxygen ions

Figure 4.5. Schematic representation of the crystal structure of ZnFe>O4[125].
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However, with ZnFe,Oacrystallized in a partially reverse spinel form, some of the Zn*?
ions in the tetrahedral region and some of the Fe*3 ions in the octahedral region can be
replaced. The magnetic moments of the Fe*3 ions are assumed to be zero in the net
magnetization even if this replacement happens since they are organized antiparallel
in the octahedral and tetrahedral regions. However, Zn*? ions disrupted the local super
exchange interaction between the ions in the octahedral and tetrahedral areas and the
O ions [126], which was particular to reverse spinel ZnFe,O4 nanoparticles. In other
words, the octahedral and tetrahedral areas are where the Zn*? ion is found. Due to
their antiparallel alignment, the magnetic moments of Fe*3 ions in the octahedral and
tetrahedral areas were no longer influenced. Therefore, it may be hypothesized that the
net magnetization in ZnFe.O4 nanoparticles with partial reverse spinel structure is
influenced by the magnetic moments of Fe*2 ions in the tetrahedral and octahedral
regions [127].

Doping ZnFe>O4 with PVA can modify the electrical conductivity and resistivity of
composite materials. This improves the electrical properties to appropriate the
requirements of the MPS structure. By controlling the level of doping, the conductivity
of the PVA layer can be adjusted, which enhances the performance and functionality
of MPS devices.

4.4. EXPERIMENTAL METHOD

The process of preparing Al/p-Si and ZnFe.O4 doped PVA can be explained by
providing essential information on sample preparation, cleaning, and construction.
During the synthesis of ZnFe>O4 process, 25 ml of 3 M sodium hydroxide (NaOH)
solution was ultrasonically irradiated. Then, 25 ml of a 0.2 M aqueous solution of zinc
acetate and 25 ml of 0.4 M Ferric chloride were slowly added dropwise to the NaOH
solution while slowly passing Argon (Ar) gas through it. The resulting product was
rinsed thrice by centrifugation and kept in a double distilled open-air oven at 110°C
for 1 hour. Following the preparation of ZnFe>O4 nanostructures with an ultrasonic
device, the PVA solution was obtained by dissolving granular powder PVA in double
distilled water. Adding 0.01 g of ZnFe>O4 powder to 5 ml of 5% aqueous PV A solution
created a ZnFe;O4-PVA composite material and was ready to be deposited on the
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interlayer. To form an Al/(ZnFe;O4-PVA)/p-Si structure, a p-Si layer with a thickness
of 350 pum, <100> orientation, and a doping concentration of 1.078*10* cm was

utilized.

It is essential to eliminate all mechanical and organic impurities from the sample
surface, minimize interfacial conditions, and ensure precise measurements. The
chemical cleaning procedure for semiconductor crystals was carried out using a

method commonly found in literature.

e Five minutes of ultrasonic cleaning using trichloroethylene.

e Acetone ultrasonic cleaning for five minutes.

e Five minutes of ultrasonic cleaning using methanol.

e Deionized water for cleaning.

e Cleaning with a 5:1:1 ratio of H2SO4, H202, and water for 1 minute.
e Deionized water for thorough washing.

e Nitrogen gas (N2) was utilized for drying.

o (NHa)202 for 50 seconds to eliminate the naturally formed oxide layer.

In the next step, the chemically cleaned semiconductor mat was placed on the mask
with its mat surface facing down to establish ohmic contact. A mask like the one shown
in Figure 4.6 below was utilized to make ohmic contacts. 99.99% highly pure
Aluminum (Al) with a thickness of 150 nm was evaporated under 10 Torr pressure
created by the vacuum system with the assistance of a tungsten filament through which
a current was passed, and an Al layer was generated on the reverse surface of the p-Si
sheet. The p-Si, the back contact formed by evaporation, was precipitated to obtain the
ohmic contact. The resulting structure was then annealed in a nitrogen-ambient at

500°C for 5 minutes to achieve better ohmic contact.
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Figure 4.6. Mask used to make ohmic contact.

After ohmic contact, the organic solution (ZnFe.04-PVA) was deposited onto the p-Si
layer using the electrospinning method, as shown schematically in Figure 4.3. To form
rectifier or Schottky contacts, circular dot-shaped Al layers with a diameter of 1mm
were coated onto the structure by using the thermal evaporation method. A mask, as
presented in Figure 4.7, was used to form the rectifier contacts.

Figure 4.7. Mask used to make rectifier contacts.

The details of the fabrication process steps were explained in Figure 4.8.
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Figure 4.8. The schematic diagram of the Fabrication Process.

Thus, the MPS structure in Al / (ZnFe204-PVA) / p-Si was acquired by forming the

rectifier contact. The diagram of the MPS structure is given in Figure 4.9.

Al Rectifier contacts A" ‘

V. &
ZnFe204—PVA_— ‘ o ]

Wafer (p-Si)

Al ohmic contact

Figure 4.9. Schematic Illustration of MPS structures.

The electrical properties of the polymer interlayered MPS structures were tested by
utilizing C-V and G/w-V techniques at wide frequencies range. Hewlett Packard

4192A LF impedance analyzer with 5Hz to 13MHz frequency range was utilized to

56



extract the C-V and G/w-V experimental data. As well, an IEEE488 AC/DC converter
card was connected to the computer to command and control all measurements.
Besides, C&G-V data of the structure were performed in a Janis vpf-475 cryostat at a
pressure of roughly 102 mbar to lessen the impact of outside influences on all

measurements.

4.5. MEASUREMENTS USED IN EXPERIMENTAL

4.5.1. Capacity-Voltage and Penetration-Voltage Measurement System

Impedance Analyzer is utilized as seen in Figure 4.10 to measure capacitance and
conductance depending on voltage and frequency. It has a frequency measurement
range of 5 Hz to 13 MHz and an oscillator amplitude range of 5mV to 1 V. Numerous
fundamental electrical characteristics, including C, G, and Q, can be measured with
this device.

It can simultaneously measure C, G, Z, Y, as well as the quality factors and phase
values between them. The device has an IEEE-488 interface bus and it can be
controlled by a computer using test point software. It can measure with an accuracy of
0.15%.

Figure 4.10. HP 4192A LF Impederx analyzer.

57



C-V and G /o-V experimental data of Al / (ZnFe>Os-PVA) / p-Si were prepared at a
pressure of about 102 mbar at the time of the experiment to reduce the impact of
outside variables on the results. The Cryostat system for Janis VPF-475 is displayed
in Figure 4.11.

Figure 4.11. Lake Shore model 321 temperature control system, Janis vpf-475 cryostat.

4.5.2. Experimental Measurement of Al/(ZnFe;O4-PVA)/P-Si

In order to perform the electrical test data of the prepared Al/(ZnFe Os-PVA)/p-Si
structures, firstly, 1 mm thick contacts were taken from the upper electrodes on the
copper holders prepared in the size of the cryostat holder with the help of a silver
conductive paste and connected to the impedance analyzer. Through C-V and G/®-V
experimental data carried out in 0.5kHz-3000kHz and +4 V intervals at room
temperature and the dielectric and admittance characteristics of these structures were
determined. Figure 4.12 depicts schematically the experimental measurement setup
used for the Al/(ZnFe.04-PVA)/p-Si structure.
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Figure 4.12. Schematic View of the Experimental Measurement System.
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CHAPTER 5

RESULTS AND DISCUSSION

In this thesis, the electrical, dielectric and admittance characteristics of the
Al/ZnFe;04-PVA/p-Si structure are analyzed utilizing C-V and G/w-V experimental
data. The high/low frequency capacitance, admittance and Hill/Coleman approaches
are applied to determine the interface states of density in relation to frequency and
voltage. In contrast, Nicollian/Brews approach was utilized to compute Rs values. Nss
and Rs values were seen to be decreased with increased frequency. The correction of
capacitance and conductance plots were sketched for analyzing and eliminating the Rs
impact for measuring values of C&G/w—V. In addition, the fundamental electrical
properties of the MPS structure, such as the barrier height, Fermi energy level,
concentration of doped acceptor atoms, depletion layer width, and maximum electric
field were obtained from C-2-V plots. Complex dielectric characteristics, loss tangent,
Complex electrical modulus, ac electrical conductivity, and impedance were examined

in the room-temperature at 0.5kHz to 3000kHz frequencies between +4.0 V.

5.1. ELECTRICAL CHARACTERIZATION

5.1.1. Frequency Dependent Electrical Characterization

Schottky diodes (MS, MIS, or MPS) structures exhibit different properties. The
presence of an interface layer at the metal/semiconductor interface significantly alters
the C-V and G/o—V characteristics of the structure compared to ideal SDs [128].
Figures 5.1 and 5.2 show the measured C—V and G/®w-V for Al/(ZnFe2Os- PVA)/p-Si
PVA)/p-Si structure at room temperature, respectively. As depicted in Figure 5.1,
theC-V curves of the Al/(ZnFe,04-PVA)/p-Si structure display inversion,

accumulation, and depletion zones for each frequency.
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Figure 5.1. The C-V plot for an Al/(ZnFe.04-PVA)/p-Si in the frequencies range
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Figure 5.2. G/o-V plot for Al/(ZnFe20s-PVA)/p-Si in the frequency range
0.5kHz—-3000kHz.
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As shown in Figure 5.1. and Figure 5.2. the C-V and G/o—V characteristics of Al/
(ZnFe20s-doped PVA)/p-Si structure was estimated between 0.5kHz-3000kHz at
room temperature. The three zones; inversion, depletion, and accumulation, are shown
obviously for each frequency with nonlinear behavior. The range of frequencies was
divided into three cases to analyze capacitance behavior in more detail depending on
frequency. In the first case, as seen in Figure 5.3, two anomalous peaks of capacitance
with negative values at two voltage points were monitored between 0.5 kHz—10 kHz.
The first voltage point of negative values is in the voltage range of (-0.2-0.2) V. This
NC value depends on the frequency such that the NC value decreases with the
incremented frequency until it vanishes when the frequency is above 10 kHz. The
second voltage point negative value occurs solely at 0.5kHz at -1.8 V. The first positive
anomalous peak started with an intersection point (~-0.5 V) and ended with another
intersection (~-1.3 V). The peak decreased when the frequency increased. The last
positive peak at point (~-2.2 V) is constant and decreases when the frequency is above
10kHz.
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Figure 5.3. The C-V plot for Al/(ZnFe;04-PVA)/p-Si in the frequency range 0.5kHz—
10kHz.
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The second case is seen in Figure 5.4. The NC values vanished when the frequency is
above 10 kHz, and the first peak at point (~-0.9 V) has a greater value than the second
peak at point (~-2.2 V) when the frequency is under 10 kHz. The third intersection at
point (~-1.8 V) is appeared between (4 kHz — 10 kHz).

OOO o 3kIz —o—4kHz —e—5kIlz —e—T7kHz
y  —e—10kHz -o-20kHz -e—30kHz -e—40kHz
—e-50kHz -e—70kHz -e—100kHz —e—200kHz
: © 300kHz —e—400kHz —e—500kHz —e—700kHz
14 F @ o IMHz o 2MHz --3MHz

viv)

Figure 5.4. The C-V plot for Al/(ZnFe;04-PVA)/p-Si in the frequencies range 3kHz—
3000kHz.

In the third case, all intersections vanished when the frequency was above 20kHz, and
the first peak at point (~-0.9 V) is a lower value than the second peak at point (~-2.2
V), as shown in Figure 5.4. The two peaks in the measurement may be attributed to
different factors, the first peak is likely caused by Nss, and the second peak is likely

because of the presence of Rs [79].
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Figure 5.5. The C-V plot for Al/(ZnFe.04-PVA)/p-Si in the frequencies range 10kHz—
3000kHz

The data G/® increases as frequency decreases; thus, it becomes a peak in the same
place as the first positive peak at -0.9 V in the reverse biases. Therefore, the highest
value of G/ matches the highest positive value of the C for the same voltage, as it can

be seen from Figure 5.5.

Rs plays a critical role in MPS structures and significantly impacts the voltage-
dependent properties of C and G/w. The data of Rs is computed by the conductance
approach proposed by Nicollian/Brews [86]. However, in this investigation, both
frequency and voltage-dependent Rs data were determined by using the equation at
different frequencies related with the measurement capacitance (Cm) and conductance

(Gm/m) values, which are given in Figure 5.1 and Figure 5.2, respectively.

G

Ry=——m
$ GA + wyC3

(5.1)
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The Rs value must be considered when designing and manufacturing MIS structure to
ensure optimal performance and achieve desired results. Figure 5.6 shows that the Rs
values decrease gradually as the frequency increases. However, after reaching 100
kHz, the Rs values decrease rapidly at reverse biases. Figure 5.7 demonstrates that at
forward biases, the Rs values gradually decrease with increasing frequency after
reaching 100 kHz. Conversely, at reverse biases, the Rs values start to decrease
significantly. The increasing Rs values in the reverse biases confirm the contribution

of the second peaks in the C-V plot in the accumulation zone.
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Vv)

Figure 5.6. The Rs—V plot for Al/(ZnFe;04-PVA)/p-Si in the frequencies range
0.5kHz-3000kHz.
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Figure 5.7. The Rs—V plot for Al/(ZnFe O4-PVA)/p-Si in the frequencies range
100kHz—-3000kHz.

As presented in Figure 5.7, there is a region with a concave slope between (0V) and (-
0.9V). The Rs values in this region increase with voltage increment, as obviously seen

in Figure 5.8.

At high frequencies, the Rs effect decreases, but it is noticed that as the voltage
increases toward 0 volts in the negative direction, the Rs values decrease. It started to

decrease independently from the frequency with the Rs effect.
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Figure 5.8. The Rs—V plot for Al/(ZnFe.O4-PVA)/p-Si in the frequencies range
100kHz—-3000kHz and voltages range 0 V to -1 V.

To analyze the inductive behavior of the Al/(ZnFe,04-PVA)/p-Si structure, Figure 5.9
presents the (C-V) and (G/w-V) curves of the Al/(ZnFe;O4-PVA)/p-Si structure at six
different frequencies (1kHz, 5kHz, 10kHz, 50kHz, 200kHz, 1000kHz).

As observed in Figure 5.9, the C-V curves show negative values at 0 V, then C values
increase as the voltage decreases and take positive peak values at -1V. Unlike
capacitance values, G/® values increase as the voltage decreases, creating a peak at
the same voltage value -1 V. Thus, an increase in C is correlated with an increment in
G/w. This correlation is most visible when C and G/® have their maximum values in
the depletion zone (around -1 V). These differences in C and G/® are thought to be
caused by an increment of the amount of carriers in the structure [129]. Moreover, the
presence of Rs, Nss, and interlayer is responsible for the significant NC observed in
MPS structure.
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Figure 5.9. The comparison between C-V and G/o—-V plots for Al/(ZnFe;04s-PVA)/p-
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5.1.2. Electric Characterization: Surface States (Determination of Interface
States Distribution)

The C-V and G/o -V values may exhibit peaks in depletion zone, especially at low
frequencies, depending on the interface states impacted by the signal applied at lower
frequencies. The decline in C and G/o values by frequency increment has been
observed, particularly in the depletion and accumulation zones. That happens because
of the distribution of Nss at the M/S for the depletion zone and the effect of Rs for the
accumulation zone [79]. Since Nss corresponds to low and high frequencies
differently, the capacitance values of MPS are particularly sensitive to those
characteristics. When the frequency decreases, it becomes easier for the Nss to follow
the external AC signal, which can result in achieving higher capacitance values [130].

C—In(f), G/o—In (f), and Rs-In (f) of the characteristics of MPS structure between (-
3.4 10 -0.4) V were drawn to evaluate the variations in C and G/ values in further
particular. Figures 5.10 (a), (b), and (c) show that C, G/®w, and Rs have higher values
at the lower frequencies of the MPS structure and these values decrease until they are
almost zero with increasing frequency. The C values present distinct variations in their
values with increasing voltage, between -3.4 V to -0.4 V. There is an initial increase
from -3.4 V to -2.1 V, followed by a decline from -2.0 V to -1.7 V, a subsequent
increase from -1.6 V to -0.9 V, and finally, another decline from -0.8 VV t0 -0.4 V. On
the other hand, G/m and Rs have stable variations with increasing voltage with specific

increment at G/® and decrements at Rs.
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Figure 5.10. (a) C- In(f) and (b) G/o—In(f) (c) Rs—In(f) plots of the Al/(ZnFe>Os-
PVA)/p-Si in voltages range -0.4V to -3.4V.

Equation (2) was used to compute the parallel conductance values for the Al/(ZnFe>O4-
PVA)/p-Si structure as a profile of frequency. Figure 5.11 displays the Gp/w -In (f)
graphs obtained for various supply voltages (-3.4 V to -0.4 V). The curves exhibit Gp/®
-In(f) peaks between (20kHz-100kHz) frequencies. The alteration in the Gp/® values

of the structure from the various voltage levels is presented in Figure.5.11.

WGy C?
[Gh + 0?(C; — Cp)? ]

Gp/w = (5:2)

In high accumulation region, the interlayer capacitance (C;) can be found by using the

equation below:

(5.3)

GZ
Q::le1+ i l

(wCp)?
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Figure 5.11. Gp/m-In(f) plot of the Al/(ZnFe204-PVA)/p-Si in voltages range -0.4V to
-3.4.

The peak-related maximum value Gp/®w is used to calculate the Nss. The peak
frequency influences the interface state relaxation times, also referred to as the
lifetimes of carriers trapped in interface states. The value of the Nss was computed by

utilizing the following equation [131]:

_ (Gp/“))max (5.4)
53 0.402qA '
1.98
= 5.5
i, (5.5)

Where wp; is the angular frequency at the peak of Gp/w, and q; is the electronic charge.

According to Figure 5.12, the Nss and t values increase as reverse biases decreases.
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Figure 5.12. The plot of Nss-V and -V of the Al/(ZnFe>O4-PVA)/p-Si in voltages

range -0.4V to -3.4.

The lifetime of the charges in the interfacial states is greater than the period at high
frequencies (T = 1/f). The charges in the traps are unable to monitor the AC signal
easily and, it has no bearing on how capacitance and conductance are measured.
However, the interfacial states have a shorter lifetime at lower frequencies, allowing
several charges in the interfacial states to monitor the AC signal easily [130], [132].

The (Gp/®) max, Nss and t values are presented Table 5.1 as a function of frequency
and voltage.
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Table 5.1. The values of (Gp/®) max, the structure's Nss, and their relaxation time (s).

V(V) f(kHz) (Gp/m) max (nF) Nss(eV.cm?)x10* 7 (ps)
-34 16.449 10.806 2.137 19.167
-33 16.449 10.872 2.150 19.167
-32 17.443 10.944 2.165 18.075
31 17.443 11.022 2.180 18.075
-3.0 17.443 11.102 2.196 18.075
-2.9 18.497 11.186 2.212 17.045
2.8 18.497 11.264 2.228 17.045
2.7 19.615 11.320 2.239 16.073
26 20.801 11.308 2.237 15.157
25 22.058 11.237 2.222 14.294
2.4 23.391 11.144 2.204 13.479
23 24.804 11.055 2.186 12.711
2.2 26.304 10.959 2.167 11.986
2.1 29.579 10.811 2.138 10.659
-2.0 35.272 10.603 2.097 8.939
-1.9 42.062 10.409 2.059 7.496
-1.8 50.157 10.257 2.029 6.286
17 56.403 10.134 2.004 5.590
-16 63.426 10.037 1.985 4971
-15 71.324 9.960 1.970 4.420
-14 75.635 9.903 1.959 4.169
13 80.206 9.859 1.950 3.931
-12 85.053 9.826 1.943 3.707
-11 85.053 9.806 1.939 3.707
-1.0 90.192 9.792 1.937 3.496
-0.9 90.192 9.790 1.936 3.496
-0.8 90.192 9.795 1.937 3.496
-0.7 90.192 9.808 1.940 3.496
0.6 85.053 9.826 1.944 3.707
05 80.206 9.851 1.948 3.931
-0.4 71.324 9.877 1.953 4.420

As previously mentioned, interface charges cannot monitor the AC signal at high
frequencies and do not participate in the capacitance values; for that reason, the C and
G/ values were constant at 1 MHz high frequency compared to 10 kHz low frequency
as shown in Figures 5.13 (a)&(b).
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Figure 5.13. (a) C-V plot, (b) G/®-V plot, for the low and high frequencies.

Nss-V, the (CLr-Chr) method, is utilized to calculate the voltage-dependent
distribution of the Nss. For the calculation Nss-V, 10 kHz was taken as the low
frequency and 1 MHz as the high frequency. The interlayered ZnFe,O4-PVA Al/p-Si
structure's Nss-V values can be evaluated by utilizing the below equation [131]:

-1
=l -2) - (&= 7)) (5.6)



Where A is the area of the MPS structure and other abbreviations mentioned
previously. The Nss-V curve, which has two peaks at around -1 V and -2.4 V at reverse
bias, is shown in Figure 5.14. Since interface states could only monitor AC signals at
frequencies below 500 kHz, the Nss in the C and G/® graphs observed at high
frequency (1MHz) may be neglected. The two peaks form may have been regarded as
the periodic lattice structure disruption on the crystal surface and the density
distribution in the semiconductor's finite band gap [30].

34 F )

©@—Nss

04

0
V(v)
Figure 5.14. Nss-V curve of the MPS structure.

Inaccurate calculations of the electrical properties of semiconductors can occur due to
the presence of Rs in the strong accumulation region. Rs is an undesirable phenomenon
that can impact the performance of semiconductor devices, and it should be taken into
account when analyzing the electrical characteristics of semiconductors. The impact
of Rs on C-V and G/®-V values, can be minimized by fabricating the sample under
the Dbest possible circumstances and performing measurements at the proper
frequencies. The Cc and Gc/w properties were obtained to study the impact of Rs on
the C and G/ values of the Al/(ZnFe,O4-PVA)/p-Si structure.

Equations can be used to evaluate the Cc and Gc/w values (7), (8), and (9) [128].
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(G + (WCn)?1Cn

Ce = a? + (wCp)? (5.7)

_ G} + (wCp)?a
€ a? + (wC,)?

(5.8)

a= Gy — [Gﬁl + (ow)z]Rs (5.9)

The relation between (Cc and Cn ) and (Gw/® and Gc/w) at 500kHz can be observed
in Figures 5.15 (a) and (b), respectively. The Cn and Gm/w values are distinct from the
Cc, and Gc/w values, as demonstrated in these figures. Thus, in the accumulation zone,

the Cn, value is less than the Cc, while the G/w value is higher than Gc/w.

[

—-Cm —9—Cc

05
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Figure 5.15. (a) C-V plot uncorrected and corrected, (b) G/®-V plot uncorrected and
corrected, for the Al/(ZnFe;04-PVA)/p-Si at 500kHz.

Another approach suggested by Hill/Coleman that was used to obtain the Nss density
distribution depending on the frequency, the Nss is defined as an equation follows [88]:

55 = JA LG / @mae CO2 + (1= CrfC)? .10
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Figure 5.16. (a) Nss-In(f) of the Al/(ZnFe,04-PVA)/p-Si.

Table 5.2. The values of (C) max, (G/®) max, and Niss.

f (kHz) (C-V) (nF) (Glo-V) (NF)  Ngs (eVi.cm?x10%

0.5 19 2785.8 0.228
0.7 19.2 1995.3 0.319
1 19.2 1400.9 0.454
2 18.7 704.02 0.903
3 18 472.27 1.346
4 17.3 356.59 1.782
5 16.6 287.31 2211
7 15.28 208.31 3.042
10 13.66 148.56 4.241
20 9.85 78.24 7.746
30 7.53 54.3 10.493
40 6.03 42.26 12.506
50 5.03 34.59 14.004
70 3.771 25.57 15.645
100 2.745 18.33 16.006
200 1.488 9.81 12.629
300 1.05 6.61 9.5
400 0.82 5.12 7.654
500 0.67 4.2 6.410
700 0.494 3.13 4.862
1000 0.347 2.17 3.418
2000 0.247 0.27 0.437
3000 0.227 0.23 0.359
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Figure 5.16 depicts the Nss distribution obtained from the first peak in the depletion
zone from the maximum value of C and the corresponding G/w values according to
the frequency and voltage. Nss values drop very steeply as frequency increases.
Although the Nss can keep monitoring the AC signal at lower frequencies and
contribute to C and G/ values, neither it is able to monitor the AC signal at higher
frequencies, nor it can contribute more to the C and G/w that have already been
measured [130], [132].
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Figure 5.17. C 2 -V plots of the Al/(ZnFe;,04-PVA)/p-Si in the frequency range
30kHz-1000kHz.

The C -2 -V graph of the Al/(ZnFe;04-PVA)/p-Si (MPS) structure is shown in Figure.
5.17 in the frequency range of 30kHz-1000kHz. For the C2-V characteristic, the

depletion layer capacity of the structure can be determined by the next equation [52]:

o 2o+ Vp)

= 5.11
qEs€oA?Ny ( )
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Where the doping concentration of the acceptor atoms, intersection voltage, the Fermi
energy level, and these parameters for each frequency are obtained from the points of
intersection from the slopes of the C~2-V plots, therefore, Vo, and Na values are

calculated using the following equations.
V, = Vp —kT/q (5.12)

2
N, =
47 gege, A2tan(0)

(5.13)

T is defined as the temperature in Kelvin, and the Fermi energy level is computed from

the following Equation:
Er =— Ln (=) (5.14)

The following equation calculates Ny:
Ny = 4.82x100*>T3/2(mj /m,)3/? (5.15)
Here, Nv is the effective density of silicon states in the valence band, my, = 0.16m,, is

the effective mass of the holes, and m, is the electron mass. The barrier height for each

frequency is obtained using the equation below:
KT
Pp(C - V)= (Vo +?) + Ep (5.16)

Another essential parameters maximum electric-field and depletion-layer width for
each frequency are obtained using the equations below:

/ZqNAVO
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Wy =

28580]/0
qN4

(5.18)

Table 5.3. The obtained experimental electrical parameters of Vo, Na, Er, Em, ®8, W4,
and Rs from the C -2 -V characteristics for variation frequencies for
Al/(ZnFe;04-PVA)/p-Si structure.

f aVe(eV)  Na(cm?®)  Ee Em(Vicm) — Wg(um) @5  Rs(Q)at-4
(kHz) x10Y (eV) x10°
40 0.805 1.764 0.127 1.495 0.7717  0.956 280.41
50 0.829 1.711 0.127 1.495 0.7950  0.981 241.98
70 0.846 1.421 0.132 1.495 0.8814  1.003 198.46
100 0.857 1.182 0.137 1.495 0.9727  1.019 167.74
200 0.856 0.723 0.149 1.495 1.2433  1.030 129.62
300 0.832 0.526 0.157 1.495 1,4368  1.014 112.90
400 0.808 0.401 0.164 1.495 1.6214  0.996 103.16
500 0.766 0.333 0.168 1.495 1.7332  0.960 96.36
700 0.638 0.236 0.177 1.495 1.8805  0.840 89.07
1000  0.468 0.163 0.186 1.495 1.9391  0.679 82.23

There are sensible parameters in Table 3 for which vital functions depend on

frequency. Moreover, between 40 kHz and 1 MHz, Er increases linearly with

frequency; in contrast, Na decreases, as shown in Figure 5.18. Figure 5.19 displays

that while Wq increases exponentially, ®g decreases at high frequencies. Polarization

and Nss are the causes of the frequency-dependent behavior of ®g and Na [30].
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Figure 5.18. Frequency-dependent Er and Na graph of Al/(ZnFe204-PVA)/p-Si.
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Figure 5.19. Frequency-dependent Wq and ®g graph of Al/(ZnFe.O4-PVA)/p-Si.
5.2. DIELECTRIC CHARACTERIZATION
5.2.1. Frequency-Dependent Dielectric Characterization

The essential critical dielectric data of real and imaginary values of dielectric constant,
electric modulus and impedance and also the loss angle and the electrical conductivity
were obtained by using the C and G measurements of Al/(ZnFe;04-PVA)/p-Si at room
temperature in the ranges of 0.5kHz-3000Hz and +4 V. The €' and ¢" can be computed

from equation (19):

Cmdi Gmdi Cm Gm
= _— = —7 =——j|— 1
¢ &ETJE Ag, J [wAeo] C; J [wCi (5-19)

Where j is the imaginary unit, ® =2xf is the angular frequency, di is the thickness of
the interfacial layer, &, (= 8.854 x 1012 F/m) is the electric permittivity of free space.

Other abbreviations are mentioned in the previous section.

Figures 5.20 (a) and (b) demonstrate the voltage-dependent variations of &' and " data

in a wide frequency range (0.5kHz-3000kHz). The calculated €' and €" values show
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substantial voltage and frequency characteristics, particularly in the depletion and
accumulation zones. These zones exhibit decreasing €' and " values with inccreasing
frequency, while the inversion zone has nearly constant values. The relaxation times
of the charges in the traps or interfacial states becomes significantly longer than the
period time (T = 1/2af) when these measurements are observed at a high frequency
(f>0.5 MHz). As a result, these charges cannot be monitored by an external AC signal.
Hence the Maxwell-Wagner and the field charge polarizations are the reasons for the

€' and &" distributions being relatively high at low frequencies [133], [134].
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Figure 5.20. (a) €=V (b) €"-V plots for an Al/(ZnFe204-PVA)/p-Si in the frequencies
range 0.5kHz—3000kHz.

The dielectric loss tangent can be obtained by equation (20), which represents the

ratio between £" to g";

12

tand = 7 (5.20)
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Figure 5.21. The tand —V plot for an Al/(ZnFe;O4s-PVA)/p-Si in the frequencies range
0.5kHz—-3000kHz.

In Figure 5.21, it can be shown that the data of tand has a different peak at various
points of voltages. Both interfacial polarization and conduction-induced loss can be
accounted among these variation values of tand. Under the impact of the applied AC
field, an electron may change states, changing the polarity of the electric dipole. The
Debye relaxation theory, dependent on the frequency and polarization, can be used to
explain the noticed peak and its shifting behavior in the tand—V plot. This theory states
that the losses peaks results from electron change states by hopping when an electric
field is applied at hih frequencies [133],[135].

87



(a) 900
-0-0.5kHz -—0.7kHz —e—1kHz —-o—2kHz

—e—3kHz o 4kHz —e—5kHz —o—T7kHz

800 ' _o jokHz -e-20kHz —e-30kHz -e—40kHz
o 50kHz -e—70kHz —e—100kHz -e—200kHz
700 | -e-300kHz -0 400kHz -e—S500kHz —e—700kHz

—e—1MHz -e—-2MHz —e—-3MHz

600
0
< 500
—
X
’E 400
300
200
100
O .......................................
-4 3 2 1 0 1 2 3 4
vv)
1200
—-0-05klHz —-e-07kHz -e—1kIlz —e—2kIlz
(b) —e—3kHz o 4kHz —e—5kIz —e—7kIz
1000 L —e—10kHz —e—20kHz -—30kHz —@—40kHz

o-50kHz —e—70kHz —-—100kHz —@-200kHz
—e—300kHz ©-400kHz -@—500kHz —e—700kHz
—e—1MHz —e—2MHz —e—3MHz

M'"'x10 3

) T IR R R E R R R S e
'e: Sevevssuve v veve v vsisss s ssis's e ee

0
vv)
Figure 5.22. The (a) M-V (b) M"-V plots for an Al/(ZnFe.04-PVA)/p-Si in the

frequencies range 0.5kHz—3000kHz.

The real and imaginary parts of the electric modulus, can be determined as in equation

(21) by using the dielectric constant (&' and €").

! n

*_1_ ’ g € , €
M _;_M_]M T2y Jgrgen

(5.21)
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The values of the M' and M" curves depending on the voltage of the Al/(ZnFe;Os-
PVA)/p-Si structure was shown in Figures 5.22 (a) and (b) for the frequency range of
0.5kHz to 3000Hz. M' and M" values exhibited substantial characteristics depending
on voltage and frequency, as seen in Figures 5.22 (a) and (b). The relaxing process
causes M' and M" values to attain the highest constant value corresponding to the
Mo~1/e value. It is seen that the M' and M" values decrease as the frequency and
voltage increase. The rise in the M' and M" values in the forward biases with increased
frequency can be attributed to the dipoles and dielectric relaxation of electron

polarization within the structure [133].
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Figure 5.23. The (ca)-V plot for an Al/(ZnFe.0s-PVA)/p-Si (MPS) structure

measured in the frequency range 0.5kHz—3000kHz.

The electrical conductivity of Al/(ZnFe>O4-PVA)/p-Si structure was obtained as in
equation (22) as shown in Figure 5.23, depending on the voltage at various frequencies.

Ogc = 2Tf e (5.22)
As seen in Figure 5.23, it is evident that when reverse biases values and frequency

increase, the value of the o increases, and also peaks occur in the reverse biases

between -2V and OV due to diminishing polarization with increasing frequency.
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Furthermore, the rise in cac with increasing frequencies by the progressive drop in Rs
contributes to the increase in eddy current, increasing the energy loss tand [136],[137].
The electrical conductivity values are not altered significantly at low and middle
frequencies, only at higher frequencies, it increases quickly and exponentially. As a
result, at low and medium levels the frequency values are almost constant, it can be
assessed as dc conductivity (oqc), while at sufficiently high frequencies, it is equivalent

to AC conductivity.

Complex impedance spectroscopy is a commonly utilized method to investigate the
electrical behavior of materials and devices. In the case of a MPS structure, it can be
utilized to study the dielectric effects of the interfacial layer (Zinc ferrite-PVA). The
complex impedance (Z*) of the dielectric material can be represented by a real

component and an imaginary component and is given by the following equation [138]:

Zr=7"—jz7" (5.23)

Where the real part describes the resistance of the structure, and the imaginary part
describes the reactance of the structure. The complex impedance of MPS structure can
be represented by the G and the C, of the structure. These data can be related to the

real and imaginary parts of the impedance as follows:

7' = Gm 5.24

G2+ (wCpy)? (5-24)
wC

Z// m (525)

T G2+ (wCp)?

Figures 5.24. (a) and (b) provide a graphical illustration of the alteration in the Z* as a
profile of biases at various frequencies. It can be seen from these figures that both the
Z' and the Z" decrease with increment frequency. The decline in Z' and Z" is
represented by a drop in the values within a specific voltage range, typically -1.5t0 0
V. This drop becomes less pronounced as the voltage increases and shifts towards

higher frequencies.
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This behavior can be attributed to fixed charges and Nss at the MPS interface [84].
The increasing values of Z' and Z" away from the dropping area contribute to the
reverse biases in the second peak observed in capacitance values, as seen in Figure
5.24(a). It can also be observed that at a voltage of 0.2 volts, negative reactance values
result from the negative values of the capacitance at that point. It is caused by the

presence of Nss in the semiconductor at the MS interface [84].
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Figure 5.24. (a) Z'-V, (b) Z"-V plot for an Al/(ZnFe,04-PVA)/p-Si in the frequency

range 0.5kHz—3000kHz.
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The following equations give the magnitude of impedance and the phase angle (6°)

between the resistive and capacitive currents.

1Z| =Z2 + 22 (5.26)

0 =tan™?! (Z—”> (5.27)
7
Figures 5.25(a) and (b) show how the magnitude (|Z|)-V and phase angle (6°)-V
varies with the applied biases at different frequencies. Due to the low phase angle
values between Z' and Z", the impedance magnitude shows similar behavior to the real
values of impedance. Furthermore, the phase angle (6°) reaches its lowest value as the

frequency decreases.
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Figure 5.26. (a)Z'-In(f), (b)Z"-In(f), plot of the Al/(ZnFe,04-PVA)/p-Si in voltages
range -0.4V to -3.4.

Figures 5.26(a) and (b) demonstrate the variations in values of Z' and Z" with
frequency at different reverse biases, respectively, which highlights the importance of
paying attention to the effects of Z* in various applications [139]. Figure 5.26 (a)
shows that as the frequency increases, the value of Z' decreases at each chosen voltage
point. Figure 5.26 (b) illustrates that the values of Z" are highly dependent on
frequency, with a peak at around 30 kHz, and are affected by the voltage. The Z" value

increases with increment frequency until it reaches its peak, after that it starts to
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decrease with a further increment in frequency.
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Figure 5.27. (a) | Z|-In(f), (b) Phase angle (6°)-In(f) plot of the Al/(ZnFe204-PVA)/p-
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Si in voltages range -0.4V to -3.

Figures 5.27(a) and (b) illustrate the changes in the values of |Z| and 6 with

frequency at varying reverse biases. This pattern is also evident in the magnitude of

impedance and phase angle between real and imaginary parts, as shown in Figures

5.27 (a) and (b), respectively. It is important to note that these variations in values can
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significantly impact the device's or system's performance. Thus, it must be carefully

considered in the design and implementation stages [84].
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Figure 5.28. (a)e'-In(f), (b) &"-In(f), (c) tand- In(f) plot of the Al/(ZnFe,04-PVA)/p-Si
in voltages range -0.4V to -3.4V.

Figure 5.28 (a), (b), and (c) illustrates the deviation of the dielectric properties €', &",
and tand, with frequency at various reverse biases. Figures 5.28 (a), (b), and (c) show
how the dielectric parameters, represented by ¢', €", and tand, respectively, can
measure a material's energy storage and dissipation capabilities. In particular, Figure
5.28 (a) reveals that the €' values exhibit varying behavior similar to that of C values
observed in Figure 5.10 (a). On the other hand, Figures 5.28 (b) and (c) demonstrate
that increasing biases result an increment at " and tand values which indicates a
corresponding improvement in the material's energy storage and dissipation abilities
[140]. However, €', ", and tand values decrease as the frequency of the applied field
increases. This behavior can be attributed to polarization, which occurs due to the
accumulation of space charges within the material. At lower and intermediate
frequencies, space-charge polarization dominates, leading to higher values of &', ",
and tand [141]. This behavior makes the material a suitable interlayer alternative to
traditional insulator materials such as thermal or wet oxidation and sputtering, which
are grown by traditional methods. Therefore, it can be used as an interlayer in high-

performance electronic devices and energy storage systems.
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Figure 5.29 (a) and (b) demonstrate the changes in M' and M" with frequency at various
reverse biases. As depicted in Figure 5.29 (a), the M' values increase as the biases
decrease, and they also increase with an incremented in frequency, resulting from the
short-range mobility of carriers. The decrease in M' values at higher reverse biases is
likely due to the increased scattering of carriers, which charges to a decrease in the
overall mobility [138]. On the other hand, as shown in Figure 5.29 (b), the M" values
decrease as decrease reverse biases, and they also increase with an incremented in

frequency, these increases are parallel and convergent.
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Figure 5.29. (a)M'-In(f), (b)M"-In(f), (c) oac- In(f) plot of the Al/(ZnFe.04-PVA)/p-Si
in voltages range -0.4V to -3.4V.

Figure 5.29 (c) displays the changes in the AC conductivity (cac) with frequency at
various reverse biases. It is noticed that the data of cac increase as biases increase. This
behavior can be referred to the increasing mobility of carriers in the material when
exposed to an increase in voltage [142]. As the biases increase, the carriers gain more
energy, which allows them to move more freely through the material. This increment
of the mobility charges leads to an increment in the ac conductivity. Furthermore, the
increment in frequency also increases the AC conductivity because the AC
conductivity is related to the number of charge carriers that can participate in the
conduction process at related frequency. The increment in frequency means that more

charge carriers can participate in the conduction process.
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CHAPTER 6

CONCLUSIONS

The electrical, dielectric, and admittance properties of the fabricated Al/(ZnFe;Os-
PVA)/p-Si structures depending on a wide range of frequency and voltage, were
analyzed using C-V/f and G/o-V/f experimental data. At room temperature and
0.5kHz-3000kHz range, it was noted that the examined structure was strongly
dependent on the frequency and voltage, where electrical, dielectric, and admittance
characteristics were analyzed. It has been found that when frequency increases, the
values of Rs and Nss calculated by the Nicollian & Brews and Hill-Coleman methods
decrease. These experimental data demonstrated that the performance of the MS
structure was greatly improved by the ZnFe,O4-PVA interlayer formed between Al
and p-Si, which regulates the charges transitions. Furthermore, doping material
enhances the conductivity of the PVA. It is clear that the capacitance and conductance
values basically depend on the frequencies and biases. Interface or dipole polarization
and Nss are very effective at low frequencies. This is because the period value (T =
1/2xf) for C-V or G/o—V measurements obtained at lower frequencies of charges at
the interface is greater than that of the carriers in the traps. Therefore, at minimal
frequencies (f < 50Hz), almost all interface states can easily monitor an AC signal. In
contrast, at sufficiently high frequencies (f > 500kHz), nearly no interface states can

easily monitor AC signal.

Three different approaches were utilized the C.r/Cnr, admittance, and Hill/Coleman
approaches to characterize the Nss of structure. Among these approaches, the
admittance approach was particularly useful in determining the maximum value of
Gp/®, which was used in obtaining the Nss. In addition to the maximum value of Gp/w,
the peak frequency associated with this value was also used in determining relaxation

times of the structure's interface state.
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The NC values appear at lower frequencies because of the doping concentration, the
interlayer thickness, the Rs impact, and the charge loss in the interface traps. The NC
was noted at two locations, the first was at the beginning of the depletion zone around
0 V in the range of 0.5 kHz to 10 kHz, where it disappeared at higher frequencies
(20kHz to 1000kHz), and the second was at the beginning of the accumulation zone at
0.5kHz.

An interlayer ZnFe;O4 -PVA was grown on the front surface of the p-Si layer by
electrospinning method due to its characteristics such as lightweight per molecule,
high dielectric strength, and high energy storage capacity, flexibility, and high surface
area. The basic electrical properties of the MPS structure the intersection voltage, the
acceptor contribution atom density, the barrier height, and the Fermi energy level, were
computed using the results of experimentally obtained C—V and G/w—V experimental
data. As well, such dielectric properties as, dielectric constant, dielectric loss, tangent
loss, real and imaginary parts of the electrical module, the electrical conductivity of
alternating current and impedance, have been calculated depending on frequency and
voltage. When the frequency increases with the influence of the external electric field
where the charge carriers are not in equilibrium, it is observed that the values of €', &",
and tand decrease significantly. The variations on the dielectric characteristics of the
MPS structure were particularly observed because of the impact of the presence and
thickness of the interlayer and the effect of increasing AC frequency. And the dielectric
relaxation of the electron polarization and dipoles led to an increase in the electrical
modulus values as observed in the frequencies at forward biases. Insignificant
dielectric losses in the structure occur as a result of a rapid increase in Gac vValues with
decreasing Rs and Nss effects due to the difficulty of monitoring the AC signal at high

frequencies compared to low and medium frequencies.

For a better interpretation of the structural performance, forward and reverse
polarizations depending on the frequencies have also been taken into account. The
variation in the capacitance and conductance values at the forward biases are more
stable for most frequencies when considering the reverse biases. It has been observed
that these values change more rapidly in the reverse bias region, especially at low

frequencies. Again, higher values of the Rs were calculated at lower frequencies in
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both forward and reverse biases. Moreover, the fact that the interface states are
observed at a higher level in the reverse polarization can be explained the performance

of the structure in this region is not very sufficient, especially for low frequencies.

According to experimental data, the electrical efficiencies of the MPS structure are
particularly sensitive to the applied biases, notably to the frequency values. MPS
structure with regular charge transitions was formed by doping the PVA interlayer
with ZnFe>O4 material. In this way, the quality of the structure has been increased and
asignificant contribution has been made to its performance and reliability. The impacts
of Rs and Nss have been reduced for the MPS structure at higher frequencies. In this
way, it is possible to obtain devices with faster switching capability in practice at high

frequency levels.

Further research into the electrical and dielectric characteristics of MS or MIS
structures across a wide range of frequencies and voltages is necessary to fully
understand the conduction and barrier mechanisms between metal and
semiconductors. Here are some possible proposals for future research related to the

current topic.

e The production processes can be handled more carefully to maintain
cleanliness and avoid interface issues.

e Comparison of performance and quality can be considered using implanted MS
interlayers with varying thicknesses.

e Studies of MPS structures can also include both structures with and without
interlayers to evaluate performance variability.

e The ferroelectric properties of MPS hybrid structures can be investigated.

e The biocompatibility of MPS structures can be evaluated for potential
biomedical applications.

e The effect of polymer thickness on the C-V characterization of MPS structures
can be investigated.

e Temperature-induced different in the C-V characterization of MPS structures

can be evaluated.
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The 1-V characterization of MPS structures can be studied.

Radiation-induced different in I-V characterization of MPS structures can be

evaluated.

Temperature-induced differences in I-V characterization of MPS structures can

be investigated.

The impact of polymer thickness on 1-V characterization of MPS structures can

be evaluated.
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