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ABSTRACT 

 

Doctor of Philosophy 

 

THE PREPARATION OF Au/Zn-NANOPARTICLE-DOPED PVA/n-SiC 

(MPS) STRUCTURES AND THE INVESTIGATION OF THEIR 

ELECTRICAL AND DİELECTRIC PROPERTIES AS FUNCTION OF 

FREQUENCY AND TEMPERATURE USING IMPEDANCE 

SPECTROSCOPY METHOD 
 

Mohammad Hussein Ali Al-DAHROB 

 

Süleyman Demirel University 

Graduate School of Natural and Applied Sciences 

Department of Physics 

 

Supervisor: Prof. Dr. Ali KÖKCE 

 

 

In order to obtain the detailed information of the effect of (Zn-doped PVA) 

interfacial layer, density of surface states (Nss) and series resistance (Rs) on electrical 

and dielectric characteristics, Au/n-SiC (MS) structure with and without (Zn- doped 

PVA) interfacial layer were fabricated. In this work, Zn doped PVA nano- fiber with 

interfacial layer of 50 nm thickness was deposited by electro-spinning method. Their 

electrical and dielectric properties as function of frequency, voltage and temperature 

have been investigated by using impedance spectroscopy method. The main 

electrical parameters such as ideality factor (n), barrier height (BH), Rs and 

rectification rate (RR) were evaluated and the energy dependent profile of surface 

states (Nss) was also obtained from the forward bias current-voltage (I-V) data by 

taking into account voltage dependent BH and n. The sources of observed negative 

capacitance (NC) at the accumulation region for the MS and MPS structures were 

also evaluated. From capacitance-voltage (C-V) and conductance-voltage (G/ω -V) 

data measurements, the profile of Rs and Nss were also investigated depending on the 

voltage for low (1 kHz) and high frequency (1 MHz) by using Nicollian-Brews 

method respectivly .  

 

In addition, the charge transport mechanisms (CTMs) of the Au/ (7%Zn-doped 

PVA)/n-4H-SiC (MPS) structures were studied by applying forward bias current-

voltage (I-V-T) measurements in a temperature domain of (100-320 K). Two distinct 

linear regions for each temperature were obtained from lnI-V plot which are 

corresponding to low barrier region (LBR) (0.05V≤0.4V) and moderate barrier 

region (MBR) (0.4≤V≤0.8V), respectively. The reverse-saturation current (I0), n, 

zero-bias barrier height (ФB0) and structure resistance (Ri) show a strong temperature 

dependendence. Double Gaussian distribution (DGD) of BH was obtained from ФB0 

vs n, ФB0 vs q/2kT and (n-1-1) vs q/2kT plots for LBR and  MBR  at low temperature 

(LTR) (100-200 K) and high temperature regions  (HTR) (220-320 K), respectively. 

The values of (nT) or n(kT/q) especially at MBR are found almost constant 

indicating that the field emission (FE) theory is possible CTM rather than other 

transport mechanisms. Also, the higher values of n at low temperatures can not be 

explained only by FE theory.Ф̅𝐵0 and A*  values for LBR were calculated from  the 
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values of the slope and intercept of these plots as 0.730 eV, 114.12 A.cm-2K-2 at LTR 

and 1.304 eV, 97.33 A.cm-2K-2 at HTR,  while for MBR, as 0.687 eV, 144.97 A.cm-

2K-2 at LTR and 1.165 eV, 122.11 A.cm-2K-2 at HTR, respectively. The values of A* 

for MBR at LTR approach to the 146 A.cm-2K-2which represent the theoretical value 

of for n-4H-SiC. As a result the CTM in Au/ (7%Zn-doped PVA)/n-4H-SiC (MPS) 

structure can be explained on the base of TE mechanism with the double GD of BHs 

 

In the last part of this study, the effect of voltage and temperature on the values of 

dielectric constant (ɛ'), dielectric loss (ɛ"), tangent loss  (tan δ), real and imaginer part 

of electric modulas  (M' and M") and AC conductivity (σac) were calculated at 1 MHz 

and large voltage and temperature range.  These results show a considerably effect of 

temperature and applied bias voltage especially in depletion and accumulation 

regions. Negative capacitance (NC) behavior has shown  in C–V-T; hence ε'–T plots 

for all temperatures with negative value especically at  high forward biases due to the 

series resistance, interface states and interfacial layer. The experimental values of ɛ' 

shows an incerasing with temperature increasing furthermore, ɛ", tan δ  and σac show 

an increasing espically at higher temperature than T= 230K at 0.5 V forward bias 

region.  M' and M"  show a strong temperature and applied voltage dependence due 

to the existence of Nss, dipole polarizations, Rs and interfacial layer. Thus, we can say 

that the dielectric characteristics and ac conductivity of Au/ modified Z n-doped PVA 

doped/ n-4H-SiC (MPS) s  tructure has a strong  function of temperature and voltage. 

 

Keywords: MS and MPS structures; Passivation effect of Zn-doped PVA interlayer, 

surface states,  negative capacitance,  conduction mechanism, barrier hight, barrier 

inhomogeneties, double Gaussian distribution, electric and  dielectric characteristics, 

electric modulules.  

2018, 103 pages  
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ÖZET 

 

Doktora Tezi 

 

Au/Zn-NANOPARÇACIKLA-KATKILI PVA/n-SiC (MPS) YAPILARIN 

HAZIRLANMASI VE ELEKTRİK İLE DİELEKTRİK ÖZELLİKLERİNİN 

EMPEDANS SPEKTROSKOPİ METODU KULLANILARAK FREKANS VE 

SICAKLIĞA BAĞLI İNCELENMESİ 

 

Mohammad Hussein Ali Al-DAHROB 

 

Süleyman Demirel Üniversitesi 

Fen Bilimleri Enstitüsü 

Fizik Anabilim Dalı 

 

Danışman: Prof. Dr. Ali KÖKCE 

 

 

Zn-katkılı PVA arayüzey tabakasının, yüzey durumlarının yoğunluğunun )Nss)ve seri 

direncin Rs elektriksel ve dielektrik karakteristikler üzerindeki etkisinin ayrıntılı 

bilgisini elde etmek için, hem arayüzey tabakasız ve hem de arayüzey tabakalı( Zn-

katkılı PVA( Au/n-SiC (MS) yapısı üretildi. Bu çalışmada, 50 nm kalınlığa sahip Zn 

katkılı PVA nano-fiber arayüz tabakası elektro-spin yöntemi ile n-SiC üzerine  

biriktirildi. Empedans spektroskopisi yöntemi ile frekans, gerilim ve sıcaklığın 

fonksiyonu olarak elektrik ve dielektrik özellikleri araştırıldı. İdealite faktörü (n), 

engel yüksekliği (BH), seri direnç (Rs) ve doğrultma oranı (RR) gibi temel elektriksel 

parametreleri değerlendirildi ve aynı zamanda enerjiye bağlı yüzey durumlarının 

(Nss) profili, voltaja bağlı BH ve n hesaba katılarak doğru beslem akım-volaj (I-V) 

verilerinden elde edildi. MS ve MPS yapıları için birikim bölgesinde gözlenen 

negatif kapasitans (NC) kaynakları da değerlendirildi. Kapasitans-voltaj (C-V)ve 

iletkenlik-voltaj (G/ω-V) veri ölçümlerinden voltaja bağli Rs ve Nss profilleri 

sırasıyla,  düşük– yüksek frekeuns (1kHz -1MHz) Nicollian-Brews yöntemi 

kullanılarak elde edildi. 

 

Ek olarak, (Au / % 7 Zn-katkılı PVA / n-4H-SiC) (MPS) yapılarının akım-iletim  

mekanizmaları (CTM), (100-320 K) sıcaklık bölgesinde doğru beslem akım-voltaj (I-

V-T) ölçümleri uygulanarak incelendi. Düşük gerilim bölgesi (LBR) (0.05V≤0.4V) 

ve orta gerilim bölgesine (MBR) (0.4≤V≤0.8V) tekabül eden, lnI-V çiziminden her 

sıcaklık için iki ayrı doğrusal bölge elde edildi. Ters doyum akımı I0, n, sıfır beslem 

engel yüksekliği ФB0 ve Rs değerleri güçlü bir sıcaklığa bağımlılık gösterdi.  

 

BH'nin double Gauss dağılımı, sırasıyla düşük sıcaklık bölg sie  (LTR) (100-200 K) 

ve yüksek sıcaklık bölgesinde (HTR)  (220- 320 K), LBR ve MBR için n’ ye karşı  

ФB0, q/2kT ye karşı ФB0 ve q/2kT ye karşı (n-1-1)  grafiklerinden elde edildi. Özellikle 

MBR'deki (nT) veya (nKT/q)’ nin değerleri neredeyse sabit bulunmakta olup, bu 

durum alan emisyon FE teorisinin, diğer transport mekanizmalarından ziyade yük  

transport mekanizmasının CTM mümkün olabileceğini gösterir. Ayrıca, düşük 

sıcaklıklarda n'nin daha yüksek değerleri sadece FE teorisi ile açıklanamaz. LBR için 

Ф̅𝐵0 ve A* değerleri, bu grafiklerin eğimleri ve düşey ekseni kestiği  değerlerden 

sırasıyla LTR'de 0.730 eV, 114.12 A.cm-2K-2  ve HTR'de 1.304 eV, 97.33 A.cm-2K-2 
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olarak hesaplandı. Buna karşılık aynı değerler MBR için sırasıyla LTR'de  0.687 eV, 

144.97 A.cm-2K-2ve HTR'de 1.165 eV, 122.11 A.cm-2K-2 olarak hesaplandı. LTR'de 

MBR için A*’ ın değerleri, n-4H-SiC'nin teorik değerini temsil eden 146 A.cm-2K-

2'ye yaklaşır. Sonuç olarak, Au/%7Zn katkılı PVA/n-4H-SiC MPS yapısındaki CTM,  

BH'lerin çift GD'si ile TE mekanizmasına dayanılarak açıklanabilir.  

 

Bu çalışmanın son bölümünde, 1 MHz'de geniş bir voltaj ve sıcaklık aralığında, 

dielektrik sabiti (ε'), dielektrik kaybı (ε"), dielektrik kayıp tanjantı (tanδ), elektrik 

modülünün gerçek ve sanal kısımları (M') ve (M") ve alternatif akım iletkenlik (σac) 

değerleri üzerindeki etkisi hesaplanmıştır. Bu sonuçlar, özellikle tükenme ve birikim 

bölgelerinde sıcaklık ve uygulanan ön beslemin önemli bir etkisini göstermektedir. 

Negatif kapasitans NC davranışı (C-V-T)'de dolayısıyla (ε'-T) grafiklerinde seri 

direnç, arayüz durumları ve arayüzey tabakası nedeniyle özellikle yüksek doğru 

beslemlerde tüm sıcaklıklar için negatif değerli gösterilmiştir. ε'’ nün deneysel 

değerleri artan sıcaklıkla artış gösterir, ayrıca  ε", tanδ ve elektrik iletkenliği σac  

özellikle (T=230K) den daha yüksek sıcaklıklarda (0.5V) önbeslem bölgesinde 

sıcaklıkla yükselir. M' and M", Nss,  dipol kutuplanması, Rs ve arayüzeyin varlığından 

dolayı kuvvetli bir sıcaklık bağımlılığı gösterir. Bu nedenle Au / Zn nanopartikülleri 

PVA/n-4H-SiC (MPS) yapısının dielektrik karakteristikleri ve ac iletkenliğinin  hem 

sıcaklığa hemde voltaja bağlı olduğunu ifade edebiliriz.  

 

Anahtar Kelimeler: MS and MPS yapılar, Zn-katkılı PVA arayüzey tabakasının 

passivasyon etkisi, yüzey durumları, negative kapasitans, iletim mekanizması, engel 

yüksekliği, engel homojensizliği, double Gaussyen dağılım, elektrik ve dielektrik 

karakteristikler,  elektrik modulu. 

 

2018, 103 sayfa  
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1. INTRODUCTION 

 

1.1. Organic Semiconductor   

 

A discovering of electrical conductivity of organic materials which was thought in 

the past to be insulating materials opened up a new interesting research field (Stella, 

2006). The using of organic materials in electronics applications have some 

difficulties such as the stability of electronic devices during the manufacturing or 

operation towards the ambient environment that contain some elements such as 

oxygen, uv light and moisture that in most cases effect the organic semiconductors 

(Chang, 2015). Organic semiconductor materials show superior physical and 

chemical properties, mechanical flexibility, low cost, deposition over large substrate, 

and easy fabrication processes such as electrostatic spraying, super-critical fluid 

(SCF), deposite electrochemically and etching, sol-gel and growth hydrothermally, 

dip and spin coating, etc. (Tang et al.,1987 ; Burroughs et al., 1990). Design, 

optimization, specifications and characteristics of metals, semiconductors and 

polymers materials hold the key for future nanoscience and nanotechnologies. Doped 

nanoparticles of polymers compared with conventional organic or inorganic 

semiconductors are one of the important materials belonging to a rich variety of new 

concepts of the interplay between their π-electronic structure and their geometric 

structure (Tang et al., 1987). Semiconducting polymers are conjugated polymers taht 

refer to the alternate single and two bonds between the carbon atoms on the polymer 

backbone. In case of organic semiconductor, there are HOMO and LUMO levels. 

The band edge of valance band is referred to as “Highest Occupied Molecular 

Orbital” (HOMO) and edge of conduction band is called the “Lowest Unoccupied 

Molecular Orbital” (LUMO). The energy gap between HOMO and LUMO levels in 

conjugated polymer is generally within range of visible photon. When the incoming 

photon is absorbed electron is promoted to LUMO level, leaving behind hole in 

HOMO layer (Koehler et al., 1997; Champbell et al., 1997). This electron and hole 

remains on the same polymer chain and are bound to each other by their electrostatic 

force, commonly known as excitons Nowadays, organic semiconductors have found 

commercial application such as organic light-emitting diodes (OLEDs), PLED’s, 

photovoltaics, photodetectors, FET’s and organic memory devices (Choueib et al., 

2011; Tascioglu et al., 2011; Gilliot et al., 2015; Tanrıkulu E et al., 2015).  
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1.2. PVA Polymer 

 

Among polymer materials, polyvinyl alcohol (PVA) is one of the largest volume 

synthetic resins produced in the world. It is unique among polymers due to not 

building up from polymerization reaction from single-unit precursor molecules 

known as monomers. PVA is one of the few linear, non halogenated alphabetic 

polymers. PVA has two dimensional hydrogen-bonds network sheet structure (Anis 

et al., 2007; Bouropoulos et al., 2008).  The physical and chemical properties of PVA 

depends a great extent on the method of preparation. In additon these proerties 

depend on the degree of polymerization and the degree of hydrolysis. PVA is a 

polymer with exceptional properties used in the synthetic fiber, textile coating and 

binding industries due to its good both the physical and chemical properties such as 

good chemical resistance, water-soluble polymer, non-toxicity, biodegradability, 

high dielectric strength, good storage capacity, etc. Also it has excellent film forming 

and adhesive properties, high resistant to different kinds of oil, grease and solvent. 

PVA films have high tensile strength and abrasion resistance and hence are used as 

binder in electrochemical windows and double layer capacitors etc. (Subba et al.,   

2006; Anis. et al., 2007; Pawde et al., 2008). PVA is a potential material having very 

high dielectric strength (>1000 kV/mm) , charge storage capacity  is good, besides its 

important physical properties that arise due to the presence of OH groups and 

hydrogen bond formation. PVA, henceforth, as one of the most important polymers 

is used as interfacial organic layer material and has attracted great attention 

especially in the case of disperse of material-dependent on electrical and optical 

properties (Khanna et al., 2005). PVA offers a good balance of properties, including 

excellent outdoor weather ability, a complete absence of plasticizer migration 

(especially important for medical applications) and improved low-temperature 

capacity. These properties recommend PVA copolymer for outdoor and medical 

applications. PVA is normally a poor electrical conductor, but it can be a conductor 

by doping it with some metal ions. It is also known that PVA reacts with other 

organic and an inorganic compound because of it's from hydroxyl group. The electric 

and dielectric properties of PVA are also quite changed with doping concentration 

donor or acceptor atoms and doping process (Shehap et al., 1998; Subba, et al 2006; 

Anis et al., 2007; Pawde et al., 2008).  
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1.3. SiC Semiconductor 

 

The first report about SiC itself which is scarce in nature and composition of a 

compound material containing silicon–carbon bonds was published by Berzelius in 

1824.The formating of synthetic SiC is credited to Edward Goodrich Acheson (in 

1880) who attempted to create diamond from carbon and corundum ended up 

creating SiC (Guichelaar, 1997). Lely in 1955was developed the first successful 

growth of high purity SiC crystal by using sublimation method (Kimoto et al., 2014). 

Then it was improved by producing the first single crystal of SiC by Tairov and 

Tsvetkov in 1978 and became the most grown method for bulk SiC growth. A study 

deals with growthing method of silicon carbide single-crystalline ingots grown from 

seeds at a temperature range of 1800- 2600°C (Tairov et al., 1978). Moissan 

discovered naturalist SiC and considered it as a mineral .This is why SiC is named 

“Moissanite” in mineralogy or in the field of gem stones (Moissan, 1905).  

 

Because SiC semiconductors have unique physical and chemical properties, it has 

been developed for important applications such as (i) high power electronics 

operating at several kV and capable of MW power handling, (ii) high frequency 

devices in the mobile telecommunication field (iii) new types of sensors that can 

endure maximum environments conditions such as high temperatures, high pressures 

or corrosive environments (Harris et al., 1999). The strong chemical bonding 

between Si and C atoms gives these material important properties such as very high 

hardness, chemical inertness and high thermal conductivity. With this unique 

properties of SiC which has ten times the dielectric breakdown field strength (600V 

and up) and yet with very low resistance, three times the bandgap and work at high 

temperature as compared with Si semiconductor. SiC devices can be made to have 

much thinner drift layer and/or higher doping concentration. Therefore SiC has 

become an attractive material for manufacturing power devices instead of Si 

semiconductors. SiC exists in a many different polymorphic crystalline structures 

called polytypes e.g., 3C-SiC, 6H-SiC, 4H-SiC. Presently 4H-SiC is generally 

preferred in power device manufacturing, due to its identical mobilities along the two 

planes of the semiconductor, while 6H-SiC exhibits anisotropy that means the 

mobilities of the material in the two planes are different. Theortically SiC can 

decrease the resistance per unit area of the drift layer to 1/300 compared to Si at the 
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same breakdown voltage. n- and p-type SiC control over a wide doping domain is 

comparatively easy, this makes SiC extraordinaryl between wide bandgap 

semiconductors. The capability of SiC to form silicon dioxide (SiO2) as a native 

oxide is an important advantage for manufacturing device. For these properties, SiC 

is a favourable semiconductor for high-power and high-temperature electronic 

motivations for switching, microwave power applications, low noise amplifiers 

(LNAs) and mixers (Okojie. et al., 2002 ; Aydin et  al., 2007; Oder et  al., 2007; Lee 

et  al., 2008; Gupta et al., 2012; Kang et al.,   2012). 

 

200 different kinds of SiC polytypes are exist in the nature until yet (Pensl, Choyke, 

1993). The electronic properties of SiC were investigated shortly afterward and the 

first LED was produced in 1907 from SiC. The commercial release of 4H-SiC wafers 

and devices substantiation are preferred choice for manufacturing electronic device 

in the mid-1990s.The distinguished potential of SiC-based power devices was 

proposed in 1989 by Baliga. After fixed amelioration of MOS channel mobility and 

oxide accuracy, 4H-SiC power DIMOSFETs have also been commercially 

obtainable since 2010 (Kimoto et al., 2014) . (Scozzie et al., 1998) have shown the 

deleterious effects for SiC because of interface-trapped charge. Y.Zeng et al. 2001 

have shown a process of extracting energy dependent interface trap density for 6H 

and 4H-SiC MOSFETs in the subthreshold region of operation MOSFET 

characteristics. (Arnold et al., 2001) have shown the effect of interface traps in SiC 

on decrease in trans conductance, lower mobile inversion charge density and low 

drift mobility of inversion layer electrons. (Suzuki et al., 2002) have shown a 

description in SiC MOSFETs for correlation between channel mobility and interface 

traps. Infineon Technologies and Cree Inc. introduced the first commercial SiC 

Schottky diodes as power devices in 2001 and 2002. In 2013, Gene SiC 

Semiconductor released its SiC super junction transistor (SJT), and Fairchild 

Semiconductor is developing its SiC bipolar junction transistor (BJT). These SiC 

devices experience quite different characteristics as compared to their Si 

counterparts, such as high current gains and fast switching speeds. 
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1.4. MPS Structure 

 

Braun (1874) was the first researcher to report on rectifying properties of the 

asymmetric nature of electrical conduction for metal-semiconductor contacts. He had 

recognized that this anomalous phenomenon caused by a thin interfacial layer 

exhibiting a large electrical resistance. (Schottky, 1938 and Mott, 1938) were the first 

to suggest a model for barrier heights in metal-semiconductor contacts. They 

suggested that the bands of the metal and the semiconductor in contact control in 

order to bring both vacuum levels in coincidence. Schweikert (1939) measured the 

barrier heights in metal-selenium rectifiers and obtained an increase in the barrier 

height approximately linear with decreasing metal work function. Bardeen (1947) 

was the first to recognize that electronic interface states in the band gap of a 

semiconductor might account for the reduced slope in figures of the metal work 

function versus  barrier height (Monch, 1990). Japanese chemist (1954) was 

discovered the first organic semiconductor. In 1960s the first solid conducting 

polymer was investigated with the charge transfer complex TCNQ (Yongfang, 

2015). 

 

The MOS structure was first suggested by Varactor (1959) and its properties were 

analyzed in 1961-62. The MOS diode was first utilized in the study of a thermally 

oxidized silicon surface in 1962-63 (Sze, 1981; Nicollian, 1982). The studies of 

semiconductor materials and devices were increased since the early nineteenth 

century (Sze, 1981). Table (1.1) shows the major semiconductor devices and Table 

(1.2) shows the key semiconductor technologies through development stages. During 

1960s many important researches and developments on Schottky barrier diodes were 

made. Then in 1970s these studies were developed in two directions. Firstly, the 

knowledge acquired from research and development studies in the previous decade 

has been utilized in industrial applications of devices using Schottky barriers. 

Secondly, acquire more complete understanding of metal-semiconductor interface 

have been made by more intensive efforts (Sharma, 1984). Also, in 1970s, the 

innovative evolution of nanoparticles is causes by an incorporation of theory and 

experiments in the fields of physics, chemistry, materials science, and biosciences. 

Specific phenomena (chemical properties and physical properties), instead of the 

optical feature of a nanoparticle, have lead to new possibilities in different fields. 
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Huge research efforts have been toward to organic semiconductors and devices result 

more interest of organic electronics. (Heeger et al., 1977) were discovered the first 

highly conducting polymer, chemically doped polyacetylene, which pretend that 

polymers able to use as a good electrical active materials (Chiang et al., 1977). 

Furthermore in the mid-1970s were first produced of polyacetylene conducting 

polymers as a novel generation of organic materials with the same electrical and 

optical properties of metals and inorganic semiconductors, which received significant 

attention from both science and engineering communities. This culminated in 2000 

when Nobel Prize in Chemistry was awarded to A. J. Heeger, H. Shirakawa, and 

Alan G. MacDiarmid, for their discovering and development of electrically 

conductive polymer. This remarkable observation opened up an entire new field 

called organic electronics, and a new range of applications for conducting and 

semiconducting organic materials (Yun, 2009). After it became obvious that the 

future of electronics will be based on the basis of conducting organic polymer with 

advanced specifications to produce low cost, high volume and flexible electronics as 

compared with conventional semiconductors, so it became important to study the 

electric, dielectric, mechanical, optical, thermal and magnetic properties of metal/ 

polymer/ semiconductor and metal/metal-doped-polymer/semiconductor structures at 

different conditions such as temperature, voltage and frequency,…ect. Many studies 

deal with this field during the last 20 years. A study including the physics of metal-

semiconductor interfaces exhibits that almost all metal-semiconductor or Schottky 

contacts exhibit rectifying behavior which is caused by a depletion layer on the 

semiconductor side of the interface. The electronic properties of a Schottky diode are 

characterized by its barrier height which is the energy difference between the top of 

the valence band of the semiconductor and the Fermi level at the interface (Monch, 

1990). 

 

Organic electronics generally refers to electronic devices and systems that are based 

on organic semiconductors, particularly conjugated polymers, and generally it is 

applied to different application technologiesl such as organic light-emitting devices 

(OLEDs), organic photovoltaic solar cells, and organic electronic circuits based on 

organic thin layer field effect transistors (OTFTs or OFETs) (Yun, 2009). Organic 

electronics is basically electronic devices which are made by organic materials 

(organic dielectrics, conjugated and small molecule semiconductors). This interest 
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and augmentation in research activities for using organic electronics devices are due 

to their new promise electronics fields fabricated on flexible substrates using low-

cost and unconventional means such as electrospinning, spin coating, low/room 

temperature printing, and roll-to-roll processing... ect (Liu, 2002).The existence of π-

orbitals in organic materials is responsible for carrier transport and semiconducting 

properties in these materials. Interestingly, some of the best OFETs have shown 

performances that compare favorably well with amorphous silicon thin film 

transistors (Klauk, 2007). However, considerable challenges still need to be 

addressed in order to reap the full benefits of organic electronics. Such challenges 

include the inherent problems of polymer dissolution and solvent-selectivity 

particularly encountered in the fabrication of all-polymer devices as well as the 

difficultly in fabricating stable and low-operating voltage OFETs owing to the low 

dielectric constants of conventional polymer dielectric materials. In this work facile 

strategies are given for overcoming these above-mentioned organic electronics 

problems (Yun, 2009).  

 

Recently much attention attracted for synthesis of metal organic polymer and 

polymer inorganic nanoparticles due to their interesting properties has potential use 

in technological applications. These nanoparticles affect on the advantageous 

properties of metals and polymers and also exhibit many new characters that do not 

exist in single-phase materials (Karim et al., 2007). The key issue in using of novel 

properties is controlling on the shape and size of nanocrystalline material. Important 

efforts have focused on the design of synthesize nanostructure methods such as 

nanowires, nanofibers, nanobelts and nanotubes due to the unique properties of these 

structures. Different kinds of polymer-assisted synthesis such as PVA, PANI, PVP 

and PAA have been investigated In order to improve the uniformity and capability of 

photonic catalysis (Xiaa et al., 2008). Two prepartion methods to obtain 

nanocomposite materials: casting of films from a mixture of preformed polymer and 

nanoparticles, or in- situ formation of metal particles in the polymer to a metal 

complex. In addition, final dispersion of nanoparticles with adjusted size, size 

distribution, and spatial distribution in the polymer matrix can be obtanied  due to 

interactions between the polymer and the metal or metal precursor. A chemical 

reduction based on the use of a sodium borohydride solution has been also proved to 

be efficient to form from an aqueous metal salt solution (Clemenson et al.,   2007). In 
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this kind of semiconductor contact structure, an organic interfacial layer is inserted 

between semiconductor and metal., and this layer used as active layer plays an 

important part in the electrical characteristics of these structures. There are different 

types of polymeric interfacial layer such as poly (4-vinyl phenol), polyaniline, 

polyvinyl alcohol (PVA), poly (alkylthiophene) polypyrrole, polythiophene, and poly 

(3-hexylthiophene) (Özden et al., 2016). The surface energy of organic materials 

generally is lower than that of inorganic materials due to dangling bounds on the 

surface of inorganic based thin film, therefore the organic materials have been used 

as an interfacial layer at M/S interface for electronic devices in order to match 

surface energies between two layers (Forrest et al., 1982; Gupta et al., 2004; Çakar et 

al., 2005; Aydoğan et al., 2005).The formation of barrier height (BH) between metal 

and semiconductor and current conduction/transport mechanism (CCM or CTM) 

usually depend on the existence of interfacial layer and its homogeneity, the 

concentration of doping atoms in semiconductor, surface preparation process, surface 

states localized between interfacial layer and semiconductor and series resistance of 

the structure (Aydemir et al., 2013).The main advantage of polymer/organic 

interfacial layer is numerous proposals for its application in microelectronics, as well 

as packaging textile and food products, due to their unique electrical, optical, 

magnetic properties and its high clarity, lack of charge density properties, excellent 

durability and thermally stable over a large temperature range. 

 

1.5. Electrospinning  

 

There are many fabrication processes to prepare organic semiconductor. The 

electrospinning is a low-cost, multiple and efficient technique to produce continuous 

nanofibers from submicron to nanometer diameters by using a high applied voltage. 

The obtained fibers have smaller diameter (2 nm to several micrometers), smaller 

pores and higher surface area than fibers obtained with standard fiber-spinning 

techniques such as melt spinning, wet spinning and dry spinning that usually lead to 

fibers with diameters between 10 and 50 μm (Saito et al., 1994; Salama et al., 2004; 

Pan et al., 2006; Uslu et al., 2007). Electrospinning technique is the simplest 

technique for fabricating nanofibers with both solid and hollow interior that are 

exceptionally long in length, uniform in diameter and varied in composition from 

polymer solutions or melts which is an easy of use, preparation and arrangement and 
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installation requirements and for that reason it becomes easier to use this technique 

on a laboratory scale and can be expand their scope  to an industrial process and 

many potential applications (Li et al., 2004). Electrospinning is a direct expansion of 

electrospraying, as the two processes have the same physical and electrical 

mechanisms with a difference of forming of continuous fibers in electrospinning 

while at electrospraying produce small droplets. The spun fibers are mostly deposited 

on electrode collectors in the form of nonwoven nanofiber mat. By using controlled 

fiber deposition techniques, it is also possible to obtain range nanofibers. Optimal 

nanofibers can be manfuctured by controlling  the properties  of solution such as 

(solubility, glass-transition temperature, melting point, crystallization velocity, 

molecular weight distribution, entanglement density, solvent vapor pressure, PH 

value, electrical conductivity, viscosity or concentration, surface tension of solvent), 

process parameters such as (strength of electric field, the distance between spinneret 

and collector, the nutrition rate for polymer solution as well as the humidity and 

temperature of the surroundings), and ambient parameters It is very important to 

avert the apperance  of beads, particularly for smaller nanoparticles.  A lot of interest 

to control fiber morphology by control of these parameters (Saito et al., 1994; 

Salama et al., 2004; Pan et al., 2006; Uslu et al., 2007). The main requirements of 

ideal electrospinning process are controlling of some parameters such as (1) 

consistent and controllable of the diameter of fibers, (2) the defect-controllable fiber 

surface and (3) collectable continuous single nanofiber (Huang et al., 2003). 

Electrospinning can be used for a wide range of materials such as synthetic and 

natural polymers, polymer alloys, polymers loaded with nanoparticles or active 

agent, as well as to metals and ceramics metals as well as ceramics and composite 

systems. A variety of natural or synthetic polymers and composite materials can be 

fabricated by electrospun from solutions or melts, and non-woven fabrics made of 

nanofibers are produced this way. The advantages of control the nanofiber synthesis 

are to attain the coveted property or functionality, offering more resilience in surface 

functionalities. These superior properties make the polymer nanofibers to be good 

nominee for many applications, which extend to filtration, environment, biomedical, 

catalysis, bioengineering, tissue engineering, scaffold constructions, wound 

dressings, energy conversion and storage, catalysts and enzyme carriers, protective 

clothing, sensors, drug delivery, cosmetics, electronic and semi-conductive materials 

(Huang et al., 2003;  Xu et al.,   2009). 
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Table 1.1. Development stages of some major semiconductor (Sze, 1981; Nicollian, 

1982). 

 

Year Semiconductor Device Author(s)/Inventor(s) 

1874  MS contact Braun 

1907  LED Round 

1947  Bipolar transistor  Bardeen, Brattain, and Shockley 

1949  p-n junction Shockley 

1952  Thyristor Ebers 

1954  Solar cell Chapin, Fuller, and Pearson 

1957  Heterojunction bipolar transistor Kroemer 

1958  Tunnel diode Esaki 

1960  MOSFET Kahng and Atalla 

1962  Laser Hall et a1 

1963  Heterostructure laser Kroemer, Alferov and Kazarinov 

1963  Transferred-electron diode Gunn 

1965  IMPATT diode Johnston, DeLoach, and Cohen 

1966  MESFET Mead 

1967  Nonvolatile semiconductor memory Kahng and Sze 

1970  Charge-coupled device Boyle and Smith 

1974  Resonant tunneling diode Chang, Esaki, and Tsu 

1980  MODFET Mimura et al 

1994  Room-temperature single-electron 

memory cell 

Yano et al. 

2001  20 nm MOSFET Chau 
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Table 1.2. Key Semiconductor Technologies (Sze, 1981; Nicollian, 1982).   

 

Year Technology Author(s)/Inventor(s) 

1918 Czochralski crystal growth Czochralski 

1925 Bridgman crystal growth Bridgman 

1952 ΙΙΙ-V compounds Welker 

1952 Diffusion  Pfann  

1957 Lithographic photoresist Andrus 

1957 Oxide masking  Frosch and Derrick  

1957 Epitaxial CVD growth Sheftal.,   Kokorish, and Krasilov 

1958 Ion implantation Shockley  

1959 Hybrid integrated circuit Kilby 

1959 Monolithic integrated circuit Noyce  

1960 Planar process Hoerni 

1963 CMOS Wanlass and Sah 

1969 MOCVD Manasevit and Simpson 

1971 Dry etching Irving, Lemons, and Bobos 

1971 Molecular beam epitaxy Hoff et al. 

1989 Chemical mechanical polishing Davari et al. 

1993 Copper interconnect Paraszczak et al. 

 

CVD, chemical vapor deposition; CMOS, complementary metal-oxide-

semiconductor field-effect transistor; DRAM, dynamic random access memory; 

MOCVD, metalorganic CVD. 
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2. METAL - POLYMER - SEMICONDUCTOR STRUCTURE AND 

CONDUCTION MECHANISMS AND DIELECTRIC PROPERTIES 

 

2.1. Introduction  

 

Recently, understanding of the physical features and the performances of MPS 

structure due to the electric and dielectric characteristics of MPS devices is of great 

importance in the electronics applications. The occurring of an interfacial reaction 

between the metal and the semiconductor which form deleterious silicide in 

conventional MS contact, this reaction causes movement of interface to the 

semiconductor bulk, this will make the barrier height is independent on properties of 

the surface and the metal work function. Generally, the barrier heights of MS 

contacts are dependent on the heat of formation of the silicide linearly. In these 

cases, the properties of the silicides control barrier formation, which prevents the true 

barrier height of the MS contacts to be determined.  

 

In a metal-polymer-semiconductor (MPS) structure, a thin-film insulator has been 

used as an interfacial layer since the mid-90.s. A native of enough thin polymeric 

layers on the surface of semiconductor causes a tunneling for a lot of electrons 

through it, and it also satisfies the dangling bonds and thus decreases the intrinsic 

surface state density. 

 

 In a thin layer of polymer, some metals can also permeate through it and react with 

the semiconductor to form silicide. Now the thicknesses of this layer can be control 

easly until angstroms scale, where an increases in the thickness of this layer lead to 

reducce in the current tunnel through it (Sharma, 1984). 

 

2.2. MS Contact 

 

In order to understand the characteristic parameters of Schottky contact, the 

conductivity properties of the insulator and semiconductor crystals must be known. 

When a semiconductor is contacted with a metal, the resulting contact determines the 

contact function of the selected metal and semiconductors, which is the Ohmic or 

rectifying contact. Three fundamentally different contacts are described for metal -
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semiconductors contact depending on barrier height. The barrier height is due to the 

difference between the work functions (ΦM, ΦS) of metal and semiconductor 

materials as following: 

 

(1) When the metal work-function is larger than the semiconductor work-function 

(ФM > ФS) the electrons are depleted from the semiconductor. It is a rectified contact 

for n-type semiconductor and Ohmic contact for p-type-semiconductor. Because of 

the electron-depletion, then a difficult in contact region for providing enough charge 

carriers to the bulk of the semiconductor, and this kind of contacts is called blocking 

or injection-limited for electrons. Also, in this region excess of holes are exist that 

can provide any charge flow demanded by the bulk of the semiconductor, and this 

kind of contacts is called Ohmic or bulk-limited for holes. 

 

(2) When ФM = ФS, for contact semiconductors, the Fermi levels already are  lined 

out and no need for redistribution charge that contact. This is called a neutral 

connection: in both the electron and the hole contact it has an interstitial 

concentration of charge equal to the intrinsic free carrier concentration. 

 

(3) When the metal work-function is like the semiconductor work-function (ФM < 

ФS), it is Ohmic contact for n-type semiconductor and rectifier contact for p-type 

semiconductor.Table 2.1 show the ohmic and rectifier behavior for MS contact due 

to the work function of metal and semiconductor 

 

Table 2.1 Work functions of metals and semiconductors for ohmic and rectifier 

contact formation in MS contacts 

 

 n-type p-type 

M > S Rectifying Ohmic 

M < S Ohmic Rectifying 

 

Furthermore, when a metal is brought into intimate contact with n or p type of 

semiconductors, a definite energy relationship between the conduction and valence 

band of the semiconductor and the Fermi level in the metal will be built. In the 

semiconductor,this relation is serves as a boundary condition of the Poisson equation 
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, which can be proceeded in same pattern of p-n junctions. The energy-band 

diagrams for metals for n-type and p-type materials at equlibirum and different 

applying bias as in Fig. 2.1. 

 

   

  

Figure 2.1 Energy-band diagrams of metal n-type and metal p-type semiconductors 

under different biasing conditions (a) Thermal equilibrium. (b) Forward 

bias. (c) Reverse bias. 

 

2.3. Schottky- Mott Theory in Metal-Semiconductor (MS) Contacts 

 

According to the Schottky-Mott theory, the potential barrier formation process is 

caused by contacting metal with semiconductor and the barrier results from the 

difference in the work function of the two substances. After the metal contact with n-

type semiconductors amount to the equilibrium state, the electrons in the conduction 

band of the semiconductor have greater energy than the electrons of the metal and 

these electrons continue in flow to the metal until the Fermi levels are equalized. 

 

n-type                                                                   p-type 
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With this flowing from the semiconductor to the metal decreases in free electron 

concentration of semiconductor nearthe boundary region. The difference between 

conduction band edge EC and Fermi level EF increases with decreasing electron 

concentration and the value of EF remains constant in thermal equilibrium 

throughout the semiconductor. Conduction band electrons pass through the metal and 

leave ionized positive charges behind them (donors). As a result, the transferring 

electrons in the semiconductive region close to the metal are exhausted and cause the 

depletion of mobile electrons. Extra conduction electrons contained within the 

Thomas-Fermi screen distance (0.5Å) on the metal side of the interface. The electron 

charges created by the electrons passing through the metal are basically a surface 

charge and form a thin negative layer in the metal, an electric field is generated from 

the semiconductor to the metal. Also, the width of the space-charge region of the 

semiconductor is to be recognized because the donor concentration in the 

semiconductors is smaller than the electron concentration in the metal. 

 

Now, the extent to which the energy levels of the semiconductors will curvature can 

be examined. It is clear that the forbidden energy range of the semiconductor (Eg = 

Ec-Ev) does not change after small or tight contact with the metal, so that the edge of 

the conduction band (Ec) will move upwards parallel to the valence band (Ev). In 

addition, the vacuum level in the semiconductor will follow the same variations as 

Ec. 

 

An important factor determining the barrier height (B) for a MS contact in thermal 

equilibrium state is that the vacuum level remains constant throughout the transition 

region. For this reason, the vacuum level of the semiconductor side must approach 

the level of vacuum on the side of the metal to maintain continuity. The size of the 

curvature in the bands seen on the semiconductor side is equal to the difference 

between the two vacuum levels, i.e. the difference between the work functions. This 

difference is (qVi=ΦM – ΦS) and Vi is the potential difference contact in volts. Here, 

qVi is the potential barrier height of the electrons passing through the semiconductor 

to the metal. However, the barrier height seen from the metal to the semiconductor is 

higher than that of the semiconductor as much as the difference between bottom of 

the conduction band and the Fermi level EF (Фn) seen from the semiconductor to the 

metal. This difference can be explained as following (Sharma, 1984).  
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Ф𝐵 = (Ф𝑀 − 𝜒𝑆)                                                                                                 (2.1 a) 

 

Since 

 

Ф𝑆 = (Ф𝑛 + 𝜒𝑆)                                                                                                  (2.1 b) 

 

By substituting qVi value and using the equations 2.1 (a) and (b) above, then the 

value of ФB occurs as; 

 

Ф𝐵 = (𝑞𝑉𝑖 +Ф𝑛)                                                                                                (2.1.c) 

 

where Фn= (Ec-EF) which is the penetration of Fermi level of the semiconductor in 

the band gap.  

 

Equation 2.1.b was first demonstrated independently by (Schottky, 1938 and Mott, 

1938), which is also known as the Schottky limit. Here, when Equation 2.1.b is 

obtained, it is assumed that the surface dipole contribution in ΦM and ΦS does not 

change after the contact between metal and semiconductor. From the charge 

distribution in the space charge layer, the exact shape and magnitude of the potential 

barrier can be calculated. In general, the ΦB value is much larger than the amount of 

thermal energy (= kT/q) for each temperature, so that the semiconductor space charge 

region is transformed into a highly resistive depletion zone devoid of moving 

charges. Thus, in this case, the inhibition can be obtained from the distribution of 

donor atoms in the form of semiconductor (Schottky, 1938). Supposing that the 

semiconductors are homogeneously doped into the metal interface, this led to a 

regular charge density in depletion region.  For these stationary space charges, the 

electric field strength increases linearly with distance from the boundary of the space 

charge layer, and the resulting parabolic barrier which is known as Schottky barrier 

(Sharma, 1984). (Mott, 1938) supposes that a thin zone/layer that is doped 

homogeneously at the M/S interface and free of any moving charges. In this thin 

layer, the electric field value remains constant and the potential linearly increases 

throughout the region. This type of barrier is called Mott barrier and this barrier is 
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faced in case of thin layer of low doped between the metal and the highly doped 

semiconductors. 

 

 Rectifying dot contacts 

 

 

 

  

 

Figure 2.2 Schematic diagram of MS structure 

 

2.4. MS Contacts with Insulating or Polymeric Interface (MIS, MPS) and 

Interface States  

 

If a naturally or artificially interfacial layer is formed at a semiconductor interface 

with a metal, Schottky barrier diodes (SBDs) of the MS type will be converted into 

metal-polymer-semiconductor (MPS) type SBDs. However, if the thickness of this 

interfacial layer is greater than 100 Å (≥100 Å), these structures are called metal-

oxide-semiconductor (MOS) structures or MOS capacitors in order not to lead to any 

concept confusion. In general, for this interfacial layer different polymeric material 

such as sheet polymer polyvinyl alcohol (PVA), polyindole, perylene, is used 

(Altuntaş et al., 2009; Tecimer et al., 2013). Fig. 2, 3 shows a schematic diagram of 

the (MPS) structure and Figure 2.4 shows an energy-band diagram of an ideal MPS 

structure at V = 0 for  p and n –types  semiconductor 

 

 

 

 

 

 

 

Figure 2.3 Schematic diagram of the MPS structure. 
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Figure 2.4 (a, b) An energy-band diagram of an ideal MPS structure at V = 0 for  p 

and n-type semiconductors respectively (Sharma,1984). 

 

where: ФM: Metal work function, ФB: Potential barrier between metal and insulator, 

: Electron affinity of the semiconductor, i: Electron affinity of the insulator, EV: 

Valence band energy level, EC: bottom of conduction band , Ei: Intrinsic Fermi 

energy level ((EC - EV)/2), EF: Fermi energy level, B: the difference between Fermi 

and intrinsic  Fermi energy levels. 

 

An ideal MIS structure can be defined by the following features (Nicollian et al.,   

1984; Neamen, 1997): 

 

1. The difference between the work functions (ФM – ФS) at zero supply is zero. In 

other word (ФMS = ФM-ФS = 0) and given for n-type and p-type semiconductors as 

follows (Sze, 1981; Cooke, 1990) 

 

Ф𝑀𝑆 = Ф𝑀 − (𝜒 +
𝐸𝑔

2𝑞
− 𝜓𝐵) = 0   for n-type-semiconductor (2.2) 

 

Ф𝑀𝑆 = Ф𝑀 − (𝜒 +
𝐸𝑔

2𝑞
+ 𝜓𝐵) = 0    for p-type-semiconductor (2.3) 

qФM 
 qФB 

 qi 

qФM  qФB 

 qi 

Vacuum level 

 q   q 

Polymer Metal Semiconductor Metal  Semiconductor 

EC 

Ei 

EFp 

EV 

 EC 

 EFn 

 Ei 

 EV 

EF 

 

    EF 

( a ) ( b ) 

  Polymer 

B 



19 

 

Where Eg is the forbidden energy of the semiconductors and B is the energy 

difference between the Fermi energy level. In other word at zero applied voltage it is 

flat-band condition   . 

 

2. At any biasing conditions, the only charges that can occur in the structure are those 

in the semiconductor that have equal values but opposite sign on the metal surface 

adjacent to the insulator. 

 

3. The carrier transport through the insulator is zero at applying dc biasing condition 

or the insulator resistivity is infinity. 

 

Metal Polymer Semiconductor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. The energy band diagram of the Metal-polymer-Semiconductor (MPS)  

 structure for (n-type semiconductor). 
 

 

The electrons must firstly transform from the inner of semiconductor to the interface, 

and then they can be emitted over the barrier into the metal. In crossing the depletion 

region of semiconductor, their motion is governed by the usual mechanism of 

diffusion and drift in the electric field of the barrier (Rhoderick et al.,   1988). In 

semiconductor the flowing of current can happen in two methods, the first one at 

applying electric field causes a current flow because of carrier drift and the second 

one at keeping gradient in the carrier concentration causes a current flow due to 

carrier diffusion (Sharma, 1984). 

 

When the carriers reach at the interface, then emission into the metal can be 

calculated from the rate of transform of electron across the boundary between the 
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metal and semiconductor. These two processes are effectively in series, and the 

current is measured predominantly by the large impediment to the flow of electrons. 

Due to diffusion theory of Wanger and Schottky and Spenke the first of these 

processes is the limiting factor whereas according to the thermionic theory of Bethe 

(1942) the second is the more important (Rhoderick et al., 1988).  

 

2.5. Biasing of MPS Structure 

 

Accumulation, Depletion and inversion cases may occur when a MOS, MIS and 

MPS structures is biased depending on the type of the substrate and bias direction. A 

general review for these modes of operation and the relationships between band-

bending, charge, and electric field for a MOS, MIS and MPS structure on an n-type 

and p-type substrate. The analysis for these substrates is similar, with obvious 

changes for different doping type, doping and Fermi level etc.  

 

2.5.1. Accumulation  

 

Accumulation happens when an external positive bias is applied to the metal gate 

while the semiconductor surface substrate in MPS structure is grounded the structure 

behaves like a parallel-plate capacitor where the two electrodes are the 

semiconductor and the metal, and the polymer interfacial layer is the insulator 

between them, the carrier densities change accordingly in its surface region which is 

high than the flat band voltage. The minority carriers on the gate attract majority 

carriers from the substrate to the polymer semiconductor interface. With large 

positive bias applied to the gate, electrons are attracted by the positive charges to 

form an accumulation layer. Only a small amount of band curvature is required to 

build up the accumulation charge so that almost all of the potential variation is within 

the oxide (Colinge et al., 2002). 

 

2.5.2. Depletion  

 

When flat band voltage is lower than negative voltage which applied to the gate, a 

positive charge builds up in the semiconductor. Initially this charge is caused by the 

depletion of the semiconductor starting from the interfacial layer-semiconductor 
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interface. The majority carriers are fended away from the surface causing foundation 

of a depletion region. The width  of depletion layer rises more with rising in gate 

voltage.  As a result of band bending, the intrinsic Fermi level moves toward the 

Fermi level (Colinge et al., 2002). 

 

2.5.3. Inversion 

 

As a larger negative voltage is applied to the gate the surface potential will continue 

to increase, the electron concentration near the surface decreases while the hole 

concentration increases. When the potential across the semiconductor rises beyond 

double the bulk potential, another type of positive charge engenders at the polymeric 

interfacial layer-semiconductor interface, this charge is caused by minority carriers 

that form inversion layer. With more rising in the gate voltage, the depletion layer 

width hardly rises more since the charge in the inversion layer rises exponentially 

with the surface potential( Colinge  et al., 2002). 

 

2.6 Current Transport Mechanism in Metal - Semiconductor and Metal –

Insulator- Semiconductor Contacts 

 

2.6.1. Charge transport in insulating layer  

In ideal MS structure with insulator or polymer interfacial layer, the conductance of 

the insulating layer must be zero. Realistic insulators, however, carrier conduction 

can be seen at applying electric field and at high temperature. The amount of free 

charge carriers exist in the organic semiconductors materials with high purity can be 

negliglected. Thus, in some kinds of organic semiconductors are represent trap-free 

dielectric materials, and theories of carrier conductions or injections across dielectric 

interfaces have been applied. Table 2.2 summarizes the basic conduction processes in 

insulators and shows that the conduction process is a function of temperature and 

voltage, where Schottky emission, Pool-Frenkel, ohmic conduction and ionic 

conduction are temperature and voltage dependence, while Direct tunneling , Fowler 

Nodheim tunneling and spase charge  limited are a function of voltage only, in other 

word they are temperature independent. 

 



22 

 

Table 2.2. Summary of basic conduction processes in dielectric film (kondo, 2007).  

 

Conduction 

process  
Expression 

Temperature 

dependence 

Voltage 

dependence 

Schottky 

emission  J=A*T2exp( 
−q(ɸB− √q(V/d)/4πεi

𝐾T
 ) ln(J/T2)~1/T 

)~ 2n(J/Vl
1/2V/1 

Poole-

Frenkel 

emission  
J~ V/d exp ( 

−q(ɸB− √q(V/d)/πεi

𝐾T
  ) ln(J) ~1/T 

)~ 2n(J/Vl
1/2V/1 

Direct 

tunneling  J~V exp 
(−2d √ 2m∗ɸB

ℎ
  None 

ln(J/V2)~ 

1/V 

Fowler 

Nordheim 

tunneling  
J~ (

𝑉

𝑑
 )2 exp  (

(−4𝑑 √( 2𝑚∗ɸ𝐵
3
2)

3𝑞ℎ𝑉
 ) None 2J~V 

Space charge 

limited 
J=9/8   

εiμV2

d3
 None J~V 

Ohmic 

conduction 
J~ 

V

d
  exp( 

−Eae

kT
 ) ln(J) ~1/T J~V 

Ionic 

conduction 
J~ 

V

dT
  exp( 

−Eae

kT
 ) ln(JT) ~1/T J~V 

 

A* = effective Richardson constant, ФB = barrier height, εi = insulator dynamic 

permittivity, k = Boltzmann's constant, ħ = Reduced Plank's constant (= h /2 π), m* = 

effective mass, d = insulator thickness, µ = charge carrier mobility, ∆Eae = activation 

energy of electron, and ∆Eai = activation energy of ions. 

 

 The Schottky emission caused by emitting electrons over the barrier at high field in 

depletion region and it depend on temperature and voltage. Poole-Frenkel emission 

can be happen because the trapped electrons excited to the conductance band due to 

field-enhanced thermal energy.  While the trap states with coulomb potentials, the 

term is basically perfect to the Schottky emission. The depth of the trap potential 

wall  is known as barrier height and the quantity √
𝑞

𝜋ɛ𝑖
  is larger than in the case of 

Schottky emission by a factor of 2, since the barrier lowering is double that caused 

by the immobility of the positive charge. The tunnel emission is due to field 

ionization of trapped electrons in the conductance band or by tunneling of electrons 

from the Fermi level of metal to the insulation conductance band. The tunneling 

emission dependence strongly on the applied voltage but is basically separate of the 

temperature. Thus, generally there are two processes of tunneling emission (1) direct 

tunneling, (2) Fowler-Nordheim tunneling and the difference between the two 
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prosess is the shape of barrier and  the value of voltage  which in first one  with 

square barrier at low voltage and the second one with triangular barrier at high 

voltage part. The ionic conduction is like diffusion process. Generally, the dc ionic 

conductivity reduces at appling electric field, due to the difficulty for injection into 

or extraction of ions from the insulator side. After flow of current initially, two 

different sign space charges will gathering near the interface of contact causing a 

deformation in the distribution of potential. After removing applied field, large 

internal fields stay that because some charges return to toward their balance position 

that causes hysteresis effects. In some kinds of insulator, different conduction 

process may be controled in different temperature and voltage domains and may be 

independent of each other (Kondo, 2007). 

 

Two different processes of transport mechanisms are found in dielectric films, 

electrode-limited and bulk-limited transport mechanism. The electrode-limited 

transport mechanism depends on the electrical, dielectric properties which can be 

extracted from the barrier height and the effective mass of the conduction carriers in 

dielectric layers and the physical properties of the electrode-dielectric interface, 

while the bulk-limited transport mechanism depends on the electrical properties of 

the dielectric itself. Many other important physical parameters in the dielectric layers 

can be measured from analyses the transport mechanisms of bulk-limited, such as 

trap spacing, trap level, trap density, dielectric relaxation time, mobility of carrier 

drift, and density of states in the conduction band. Table 2.3 shows the classification 

of transport mechanisms in dielectric layers (Chien, 2014). 

 

Table 2.3Transport mechanisms classification in dielectric layers (Chien, 2014) 

 

Transport  mechanism 

Electrode-limited transport mechanism Bulk-limited transport  mechanism 

 Schottky emission 

 Fowler-Nordheim tunneling 

 Direct tunneling 

 Thermionic-field emission 

 

 Poole-Frenkel emission 

 Hopping conduction 

 Ohmic conduction 

 Space-charge-limited conduction 

 Ionic conduction 

 Grain-boundary-limited 

conduction 

 

 



24 

 

There are various ways in which current can be transported through a metal -

semiconductor contact or metal –insulator- semiconductor contacts under forward 

bias as shown in Fig 2.6 where: 

 

(a) Transmition of electrons from the side of semiconductor into the metal over the 

potential barrier (predominant process for Schottky contacts with middling dopping 

semiconductors or thermionic emission over the barrier that leads to the ideal current 

- voltage characteristics) (Sharma, 1984).. 

(b) Quantum -mechanical tunneling of electrons through the barrier (predominant 

process for high doped semiconductors (Ohmic contacts ) (Sharma, 1984). 

(c) Carrier recombination in the depletion part (Sharma, 1984). 

(d) Hole injection from the side of  metal to the semiconductor (equal to 

recombination in the neutral region) (Sharma, 1984). 

 

Processes (b) and (c) cause the departure from the ideal behavior. At a forward bias 

which is not very large，process (d) is not important as the minority -carrier 

injection is negligible. The dotted line shows the quasi - Fermi - level according to 

the diffusion theory and the dashed line according to the thermionic - emission 

theory (Sharma, 1984). 

 

 

 

Figure 2.6. Energy band diagram of a forward biased Schottky barrier junction on a 

n-type semiconductor.  
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The current across MS contact is mainly caused by majority carriers. Three clearly 

kinds of mechanisms can be occur: diffusion of carriers from the side of 

semiconductor into the metal, thermionic emission of carriers over the Schottky 

barrier, and quantum-mechanical tunneling through the barrier.  

 

Thermionic emission process (TE) in metal-semiconductor contacts occurs when the 

semiconductors exceed the potential barrier (ΦB) due to the thermal energy, the 

carriers of the semiconductors pass through the metal. In Schottky diodes generally 

the current can be supplied by majority carriers. In general, the TE theory is a 

standard model commonly used to measure barrier height in Schottky diodes. 

Furthermore, in this theory the effect of drift and diffusion in the depletion region 

can be neglectable and the barrier height is very low from kT/q (ΦB << kT /q ) and 

the carrier collisions in the clearing zone are assumed to be very small, so that the 

Maxwell-Boltzmann approach can be implemented and the thermal equilibrium state 

is not affected. According to Maxwellian distribution of velocities, the number of 

electrons n* per unit volume in semiconductor which have enough energy to move 

over the barrier to the metal 

 

 







 


kT

VVq
nn i

o exp*                                                           (2.4) 

 

no is the electron concentration in the neutral semiconductor outside the depletion 

region. Under voltage, the barrier for electrons flowing from metal to the 

semiconductor remains practically unchanged and remains at ΦB. Thus, the current 

(IMS) generated from electron flowing from the metal to the semiconductor is Io, 

which is known as the saturation current. However, the current generated from 

semiconductor to metal (ISM) at low or intermediate voltage (V≥3kT/q) can be 

analyzed according to thermionic emission (TE) theory (Rhoderick, 1978; Sze, 1981; 

Sharma, 1984) is expressed as follows:  

 

ISM = Io exp(qV/kT)                                                       (2.5) 

 

The net current is obtained by combining the currents flowing in both direction:  
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𝐼 = 𝐼0 [exp(
𝑞𝑉

𝑘𝑇
) − 1]                                                        (2.6)              

 

where V is the voltage drop across the junction , n is the ideality factor (Rhoderick, 

1978) and Io  is  the saturation current which can be express as  

 

𝐼 = 𝐴𝐴∗𝑇2exp (
−𝑞 Ф𝐵

𝑘𝑇
)                                                                        (2.7) 

 

 where A * is a Richardson constant and is expressed as 

 

A* = (4πme
*qk2)/h3                                                                          (2.8) 

 

where me * is the effective mass of the electron, h is the Planck constant, and k is the 

Boltzmann constant. Also for a semiconductor with spherical energy surfaces such as 

SiC, me* is independent of the direction, The Richardson constant unit (A/cm-2K-2) is 

146 for n- type 4H- SiC (Kimoto, 2014). The TE theory is based on the assumption 

that electron collisions in the depletion zone are neglected, and this assumption 

applies only to high mobility semiconductors. Then by substituting Equation (2.8) in 

Equation (2.5) we can get  

 

 𝐼 = 𝐴𝐴∗𝑇2 exp(−
𝑞ФB0 

𝑘𝑇
)⏟            

𝐼𝑜

[𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1]                                                                    (2.9) 

 

2.6.2. Tunneling through the barrier  

 

Field emission (FE) and thermionic-field emission (TFE) become quite effective for 

semiconductors with high doping and low temperatures. That is besides the TE 

mechanism, electrons can also be transported along the barrier by quantum 

mechanical tunneling when the barrier width (depletion zone width) is not thicker. 

The tunneling of the electrons takes place either through the electron barrier (FE) of 

electrons at low temperature or through the thermal energy (TFE) of the electrons 

which can tunnel through the narrow triangular potential at high temperature. The 

quantum-mechanical (TFE and FE) tunneling phenomenon occurring in the MS 

contacts and it occurs in the forward direction only in degenerate semiconductor, and 
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except for very low forward biases and the current-voltage relationship can be 

expressed as (Sze, 1981; Nicollian, 1982; Sharma, 1984; Rhoderick et al., 1988). 

 

  

 

Figure 2.7. Field emission (FE) and thermionic - field emission (TFE) tunneling 

through a Schottky barrier on n - type semiconductor at (a) forward bias 

and (b) reverse bias. 

 

𝐼 = 𝐼𝑡𝑢𝑛 ( 𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠

𝐸𝑜
) − 1)                                                                                (2.10) 

and  

 𝑛𝑡𝑢𝑛 =
𝐸𝑜𝑜

𝑘𝑇
𝑐𝑜𝑡ℎ (

𝐸𝑜𝑜

𝑘𝑇
) =

𝐸𝑜

𝑘𝑇
                                                                                 (2.11) 

 

where Eoo is an energy parameter related to tunneling and is expressed as 

 

2/1

*4 














se

D
oo

m

Nh
E


                                                 (2.12) 

 

where (h= 6.626x10-34 Js) Planck constant, me* (=0.067me) is the effective mass of 

electrons.,ɛs is the permittivity  of the semiconductor (=9.7 for 4H-SiC), ɛo 

(=8.85x10-12 F/m) is the permittivity of free space and ND is the density of doping 

donor atoms that was used as about 7.07x1023 m-3 in this study .According to the 

effect of tunneling in Schottky contacts, it is possible to explain the mechanism of 

the carrier which is dominant in the contact as follow: The current mechanism is  

 

  TE  if Eoo << kT / q, 

 FE if Eoo >> kT / q.  
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 TFE if Eoo ≈ kT / q . (Kondo, 2007).  

 

In this case Eq. 2.12 can be written as follows, taking into account the potential 

barrier height constant,  (=dФBo/dV), depending on the voltage (Padovani 1965; Sze 

1981 ; Rhoderick et  al., 1988); 

 

𝑛 =
𝐸𝑜

𝑘𝑇 (1−𝛽)
                                                                                           (2.13) 

 

which of the above-mentioned stream-transmission mechanisms are active alone or 

together is defined in Figure 2.8 

 

 

Figure 2.8. nkT /q vs kT /q shows different current conduction mechanisms (Sharma, 

1984).  

 

If the ideality factor is greater than one, it is now independent of the temperature if it 

is usually manifested by imaginary force, insulator interface layer or interface states. 

But if n is greater than one, it is due to the the ideality factor temperature and TFE or 

the recombination currents in the consumption zone. Schottky depends on the 

temperature in the majority of diodes.  

 

2.6.3. The effect of inhomogeneity in the metal-semiconductor interface 

 

The above-mentioned transmission mechanisms cannot be elucidated by the 

thickness of the insulating interfacial layer and the presence of interfacial states, 

since the ideality factor is more than one. The ideality factors greater than one have 
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recently been explained by barrier inhomogenity (Sullivan et al., 1991; Werner, 1991 

; Tung, 1992). This theory is called the Gaussian distribution (GD). That is, the fact 

that the current-voltage (I-V) characteristics in M/S Schottky contacts are not ideal or 

that the magnitude 1 of the ideality factor n is large can arise from spatial 

inhomogeneities in the M/S interface (Sullivan, et al., 1991; Werner, 1991; Tung, 

1992). The atomically rough (irregular) interface between the metal and the semi-

conductor will result in different spatial variations in the potential of diffusion (VD) 

and barrier height (ΦB), leading to non-uniform dispersion. The atomic structure, 

dislocations and grain boundaries of the metal as well as the change of the thickness 

of the metal can cause the interface to become rough. Another reason for these 

potential changes is there may be a decrease in the local obstacle height due to the 

area emission. These local changes may also occur with the effect of different 

metallic phases at the interface. In addition, a regular lattice of donor atoms scattered 

randomly in semiconductors, irregular distances between donor atoms, may be 

another reason for such potential changes. Due to these factors, the barrier height is 

thought to have a Gaussian distribution (Song, et al., 1986; Dimitriadis et al., 1995). 

At low temperatures, many Schottky diodes were observed to deviate from the ideal 

TE. It is seen that the ideality factor increases significantly at low temperatures and 

that the ln (Io/T
2) -1/T curve is not linear (Richardson curve), but that the ln (Io/T

2) -

1/nT curve is linear. It has been found that this image cannot be explained by the 

image-force effect, the tunneling effect, or the recombination current in the depletion 

zone (Tung 1992; Wittmer et al., 1994).In the theory proposed by Song (Song et al.,   

1986), Gaussian distribution has been accepted for the distribution of the barrier 

heights  with a mean value ̅𝐵 and a  standard deviation of (s) and the mean value 

of obstacle height ̅𝐵:  

 

𝑃(Φ𝐵) =
1

𝜎𝑠√2𝜋
𝑒𝑥𝑝 [−

(Φ𝐵−Φ̅𝐵)
2

2𝜎𝑠
2 ]                                               (2.14) 

 

Where P(B) is the probability for the barrier height  to have B. In a Gaussian 

distribution, the mean barrier height   𝛷̅𝐵 and the square of the standard deviation of 

the barrier height σs application potential are given as:  

 

𝛷̅𝐵 = 𝛷̅𝐵𝑜 + 𝜌2𝑉                                                             (2.15) 
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and 

 

  𝜎𝑠
2 = 𝜎𝑠𝑜

2 + 𝜌3𝑉                                                                        (2.16) 

where ρ2 and ρ3 are the voltage coefficients. 

 

The total current due to the correct feed-in potential can be obtained by taking 

following integral: 

 

 I(V) = ∫ I(ΦB, V)P(ΦB)dΦ
∞

-∞
                                               (2.17) 

 

where I(ΦB,V) is the current at a bias voltage for a BH according to theory of ideal 

thermionic-emission-diffusion (TED) and P(ΦB) is the normalization distribution 

function for BH. Since, carrying out this integration in domain of -∞ to +∞, one can 

calculate the current I(V) through a barrier at a forward bias voltage as 

 

 I(V) = AA*T2exp [-
q

kT
(Φ̅B-

qσs
2

2kT
)] exp (

qV

napkT
) [1-exp (-

qV

kT
)]          (2.18) 

 

and in the case of exisitance of series resistance Equation (2.18) can be rewritten as  

 

  (2.19)  

 

In addition, the reverse saturation current, can be obtained as: 

 

I0 = AA
*T2exp (-

qΦap

kT
)                                                           (2.20) 

 

The Фap and nap are the apparent barrier height and apparent ideality factor, 

respectively, 

 

Φap = Φ̅B0-
qσs0

2

2kT
                                                                        (2.21) 
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1

𝑛𝑎𝑝(𝑇)
− 1 = −𝜌1(𝑇) = −𝜌2 +

𝑞𝜌3

2𝑘𝑇
                                                                (2.22) 

 

Substituting Equation (2.21) and take the logarthiom of the both side, then Equation 

(2.20) can be rewerttina as   

 

𝑙𝑛 (
𝐼𝑜

𝑇2
) −

1

2
(
𝑞𝜎𝑠𝑜

𝑘𝑇
)
2

= ln(𝐴𝐴∗) −
𝑞Φ̅𝐵𝑜

𝑘𝑇
                                                                 (2.23)   

 

As a result, according to this theory, the nullity of the zero feed is caused by the 

presence of the Gaussian distribution of the barrier height to the reduction of the 

barrier height, and this effect is determined by the standard deviation of the height of 

the barrier. This effect is especially important at low temperatures. On the other 

hand, the abnormal increases that occur in the ideality factor also depend on the 

average barrier height and the change of the standard deviation from the feeder 

(Tecimer et al., 2014). Fig.2.9 shows the inhomogeneity of the barrier height that 

made a deviation of the barrier height. 

  

 

 

 

 

 

 

 

 

 

Figure 2.9 Three-dimensional example of potential barrier explain the inhomogeneity 

of the barrier for a metal- semiconductor rectifier contact. 

 

2.6.4. Most important reasons for deviation from the ideal situation 

 

Many reasons can effect on the behavior of ideal situation of MIS structure and 

causes a deviation. The most important reasons are as following: 

 

 Image-force (Schottky) effect 

EF 

EC 

EV 

qФb 

eVbo 

High barrier 

Low barrier 

qV 

Metal Semiconductor 
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 Tunneling effect. 

 Serial resistance effect. 

 Edge effects. 

 Interface states. 

 The effect of minority carriers. 

 The effect of the interface layer. 

 

2.7. Dielectric properties 

 

Recently, advanced technology increases by using electrical insulators materials to 

prevent the flow of current in an electrical circuit and exhibiting the property of 

electrical polarization in electronic application such as high-voltage power system 

elements and low-voltage high-frequency applications. It is very important for safe 

operation to know how the electrical properties of these insulators vary within wide 

boundaries and at different conditions. For this reason, it is necessary to measure the 

dielectric properties under the conditions in which insulating materials used in 

different fields and operating conditions are used at the beginning of these properties, 

dielectric constant and loss factor. At applying external electric to the material, this 

excitation is a dielectric if it has energy storage capability. The dielectric constant 

(permittivity or electrical permeability) is used under an area effect to determine how 

much energy is stored in the external electric field and how much energy is lost in 

the material. The dielectric constant of a material is a parameter that reduces the 

electrostatic force between two electric charges. Electrons and atoms in the material 

are displaced by the electric field effect, and as a result, electric charge centers shift 

and electrical polarization is observed. Formed Electrical dipoles cause charge 

accumulation on the surface of the dielectric material. Their use as an insulator 

should not impede the charge transfer in electrical circuits (yudga, 2007).  

2.7.1. The effect of static electric field in dielectrics 

 

The difference between the dielectrics and conductors is that the dielectric does not 

have enough free carriers that can move under an external electric field effect to 

provide electrical conductivity. In dielectrics, all charges are bound to certain atoms 

or molecules and their motion is limited within the molecule. The only action of 
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dielectric substance can have when it is placed in an external electric field is the 

small displacements in the opposite directions under electrostatic force with positive 

and negative charges. In general, a dielectric becomes polarized when an external 

electric field is applied to it, which means that acquires a dipole moment.When the 

electric field effect is removed from the center, these charges return to their former 

locations and the net dipole moment becomes zero again. It also directs molecules 

that have a continual dipole moment from the displacement of positive and negative 

charges under electrostatic force. Such molecules are under the influence of a pair of 

forces that try to orient themselves in the field. The result is a balanced polarization 

of a clear orientation. Some dielectric materials have this charge separation inside the 

electric field. These materials have a net dipole moment. The electrical properties of 

dielectric materials are generally expressed in terms of dielectric constants. In most 

materials, this value is independent of the magnitude of the electric field, but depends 

on the frequency of the electric field effect. 

 

2.7.2. Parallel plate capacitor without dielectric  

 

Two parallel plate capacitors with surface area A and spacing d are given in Figure 

2.10. If a dielectric is placed between the plates, the transition of the charges from 

one plate to another is limited. 

 

 
 

Figure 2.10. Parallel plate capacitor without dielectric 

 

The two parallel plates of the capacitor have charges + Q, and -Q. If an insulator 

(dielectric material) is puted between the two plates, the charges are prevented from 

one plate to another. If these plates are connected to the ends of a voltage source, the 
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capacitor can easily is charged Electric field intensity between plates can be 

represented as the following equation: 

 

𝐸 =
𝜎

ɛ𝑜
                                                                                                                    (2.24) 

 

where, ɛo is the permittivity of free-space, σ is surface charge density. The potential 

difference between the plates spaced from each other by d can be written as :   

 

V = E.d                                                                                                                  (2.25) 

 

and the total capacitance between two parallel plates is 

 

𝐶 =
𝑄

𝑉
=
ɛ𝑜𝐴

𝑑
                                                                                                          (2.26) 

 

2.7.3. Parallel plate capacitor with dielectric  

 

If the gap between the two plates of a capacitor is completely filled with an insulator 

(dielectric) material, the capacitance of the capacitor increases by the ɛ' 

multiplication of the capacitor. The multiplication factor ɛ' is called the dielectric 

constants of the insulator. 

 
 

Figure 2.11. Parallel plate capacitor with dielectric interfacial layer 

 

In the absence of a dielectric, the capacity of the parallel plate capacitor the potential 

difference between the ends of the capacitor and the electric field  can be represented 

as Co, Vo and Eo respectively. If a dielectric substance is placed between the two 
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plates, then the potential difference and electric field in free space multiplied by 1 /ɛ', 

and can be rewritten as : 

 

𝑉 =
𝑉𝑜

ɛ′
                                                                                                                    (2.27) 

 

𝐸 =
𝐸𝑜

ɛ′
                                                                                                                   (2.28) 

Since the charge Q does not change on the capacitor, the value of the capacitance 

increases by a factor of ɛ':  

 

𝐶 =
𝑄𝑜

𝑉
=
ɛ′𝑄𝑜

𝑉𝑜
= ɛ′𝐶𝑜                                                                                           (2.29) 

 

Then, when the area between the plates is exactly filled with dielectrics, the parallel 

plate capacitor capacitance can be rewritten as:- 

 

𝐶 =
ɛ′ɛ𝑜𝐴

𝑑
                                                                                                               (2.30) 

 

2.7.4. Dielectric polarization 

 

When applying an electric field to insulators, the electrons are unsettled to each atom 

opposite the direction of that field, while the nucleus of each atom is unsettled in the  

same direction of that field. This separation of charges is called polarization or 

electric polarization. 

 

The reduction in potential when a dielectric is placed between the plates of a 

capacitor requires reduction of the electric field strength (E =V/d). The net charge or 

effective charge on the unit surface decreases as the electric field intensity (E =σ/ɛo) 

decreases. This is only possible if the dielectric comes to the fore with the opposite 

signs on the faces of the dielectric facing the plates. Since free charges on the plate 

do not change with placing a dielectric between plates, the decreasing of electric 

field can be attributed to increasing of electric permittivity of the medium. 

 

http://www.dictionaryofengineering.com/definition/nucleus.html
http://www.dictionaryofengineering.com/definition/field.html
http://www.dictionaryofengineering.com/definition/polarization.html
http://www.dictionaryofengineering.com/definition/electric-polarization.html
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When a conductor is placed in the electric field, the free charges are displaced under 

the influence of the forces exerted by the field. When electrostatic equilibrium is 

established, the electric field of the charges on the conductor surface facing on the 

plates neutralize the outer field at all points and the electric field within the 

conductor becomes zero (Yudga, 2007). 

 

When a dielectric is placed between the plates of a dielectric capacitor, the charges of 

the dielectrics against the plates come into play. The molecules of some dielectrics 

contain a permanent dipole. In these materials called polar, the centers of mass of the 

positive and negative charges do not overlap, so the loads are separated by a very 

small amount. When a dielectric is placed in electric field, the electrons make a very 

small displacement with respect to their nucleus. Thus, the atoms become very small 

(atomic) dipoles and are polarized electrically. Thus, the dipole moment of the 

molecule will be parallel to the electric field. When the electric field is removed, the 

atoms return to their normal state again and the dipoles disappear. 

 

There are several individual mechanisms of dielectric polarizations which are 

typically described by four major mechanisms: electronic, vibrational, orientation 

and space charge polarizations, as shown in Figure 2.16 (Hess et al., 1989; Sasidhar, 

2011). 

 Electronic polarization exsist in a neutral atom when the electric field 

displaces the electron density proportional to the nucleus it surrounds, 

inducing a dipole moment that vanishes as soon as the electric field is 

removed. Electronic polarization is frequency independent and thus continues 

through the entire frequency range. Electronic polarization is common in all 

dielectric materials (Dakin, 2006; Maheshwari, 2007; Sasidhar, 2011). 

 

 Vibrational polarization, also called atomic or ionic or displacement polarization, 

usually happens in ionic substances. At applying electric field to an ionic 

substance, two ions with different sign are displaced in the opposite directions 

until the ionic bonding forces stop the process, inducing a dipole moment. This 

type of polarization is predominant in inorganic crystals, glasses and ceramics and 

is the principle mechanism for permittivity of inorganic crystals that is observed 
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to be uniform from D.C. through infrared frequencies (Arora et al 1995; Dakin, 

2006; Maheshwar, 2007; Sasidhar, 2011). 

 

 Orientational or dipolar type of polarization usually happens in polar dielectrics, 

which have permanent dipoles, such as polymeric substances and dipolar 

ceramics.  Under normal conditions, dipoles that are exsist in polar dielectrics 

that have zero net dipole moment and polarization are randomly oriented. At 

applying external field, the dipoles resort to reorient along the direction of 

applied field performing a non-zero net dipole moment and polarization.  

Orientational polarization happens from D.C. through microwave frequencies 

depending on the presence of dipolar bonds and resistance to molecular rotation. 

(Arora et al., 1995; Dakin, 2006; Maheshwari, 2007). 

 

 Translational or interfacial polarization is usually associated with existance of 

migrating charges, by electrons or ions, in an applied field over macroscopic 

distances. They tend to be straitened and accumulate at physical barriers such as 

defects, voids, impurities, grain or phase boundaries and also at the electrode 

interfaces where the material has different charge transport properties, e.g., 

conductivity. The accumulated charges deform the local electric field and give 

an increasing to permittivity. Particularly, in heterogeneous or multiphase 

systems like polymer-ceramic nanocomposites, the interfacial polarization is 

important. Interfacial polarization, involving a long range ion movement, is 

usually observed only at lower frequencies, otherwise known as a space-charge 

or Maxwell Wagner polarization (Dakin, 2006; Sasidhar, 2011). 

 

In general a dielectric medium exhibits more than one polarization mechanism. Thus, 

the average induced dipole moment per molecule will be the sum of all polarization 

contributions, depending on which to determine dielectric permittivity of the 

material. For example, interfacial polarization plays an important part in permittivity 

of semicrystalline polymers, such as PVA. Also for another example, a polar 

dielectric having ionic bonding and permanent dipoles possess orientational as well 

as ionic and electronic polarizations, an ionic and non-polar dielectric, e.g., alkali 

halides which contain more than one type of bonds but no permanent dipoles, 

possess both ionic and electronic polarizations (Maheshwari, 2007). 
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2.7.5. Electric field and dielectric loss in dielectrics 

 

When a sample with a clear and permanent dipole moment is placed in the electric 

field, the electrical displacement (D) and electric field (E) for this sample can be 

expressed as a function of time. Time dependence (dipole-relaxation) of the electrical 

displacement vector (D) is seen in samples with permanent dipoles. This is different 

from non-dipole specimens. When a static electric field (E) is applied to a crystal at 

time t = 0 for a certain period of time, the movement of the dipoles in the crystal can 

have two results:  this movement arranges the dipoles simultaneously in the direction 

of the applied electric field, or causes them to find their final configurations slowly. 

The first state is known as the static state. The others are caused by the fact that the 

electric field and the polarization vector are not in the same phase. 

 

The electric displacement in electrostatics can be expressed as follow: 

 

𝐷 = ɛ𝐸                                                                                                                  (2.31) 

ɛ is a real time independent constant. When the electric field is time dependent, the 

following equation can be written:  

 

𝐷 + 𝑎
𝑑𝐷

𝑑𝑡
= 𝑏𝐸 + 𝑐

𝑑𝐸

𝑑𝑡
                                                                                          (2.32) 

 

where a, b, c are the correction constants in the added terms. In this equation, second, 

third etc. order time derivative terms can be added. But high-order derivatives can be 

neglected for medium-strength electric fields. If the dielectric behavior is examined 

by considering the conditions given below, it is found that the constants a, b and c 

are specific to the sample (Wert et al., 1970). When a constant electric field is 

applied to the sample the electric field and hence the amount of electric displacement 

does not change over time. This is a static situation. 

 

(
𝑑𝐸

𝑑𝑡
= 0 𝑎𝑛𝑑  

𝑑𝐷

𝑑𝑡
= 0) , then Eq 2.30 will be 𝐷 = 𝑏𝐸           (2.33) 

 

where b represent  the static dielectric permeability constant (ɛs), and then 

Equation  (2.32)  can be rewritten as following : 



39 

 

𝐷 + 𝑎
𝑑𝐷

𝑑𝑡
= ɛ𝑠𝐸 + 𝑐

𝑑𝐸

𝑑𝑡
                                                                                          (2.34) 

 

When the sample is under a constant electric field,  
𝑑𝐸

𝑑𝑡
= 0, then Equation (2.32) can 

be written as  

 

𝐷 + 𝑎
𝑑𝐷

𝑑𝑡
= ɛ𝑠𝐸                                                                                                     (2.35) 

 

Solution of this equation is given b𝑦  𝑙𝑛(ɛ𝑠𝐸 − 𝐷) =
−𝑡

𝑎
 +constant at t=0 and D=D(0) 

we get  𝑙𝑛(ɛ𝑠𝐸 − 𝐷) =
−𝑡

𝑎
 +constant 

 

𝐷 = ɛ𝑠𝐸 − [−𝐷(0) + ɛ𝑠𝐸]𝑒
−𝑡

𝑎                                                                               (2.36) 

 

 
 

Figure 2.12. Mechanisms of dielectric polarizations 

 

Taking the above equation into consideration, the change in D along time is given in 

Figure 2.12. It is seen that the first value of the electric displacement is D (0) and the 
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final value is maximum value (ɛs E) that comes with an exponential increase. The 

value of constant (a) in the Equation (2.36) has an exponential behavior at constant 

time (relaxation time), and then by substituting it in Eq. 2.32 we can get the 

following Equation:  

 

𝐷 + 𝜏
𝑑𝐷

𝑑𝑡
= ɛ𝑠𝐸 + 𝑐

𝑑𝐸

𝑑𝑡
                                                                                          (2.37) 

 

If sample is put in an electric field which has a value of E (0) at t = 0, the electric 

displacement value D in the sample will be D1. For D to remain constant at D1, the 

electric field will change as a function of time. Then Equation (2.37) will be as 

following: 

 

𝐷1 = ɛ𝑠𝐸 + 𝑐
𝑑𝐸

𝑑𝑡
                                                                                                    (2.38) 

By integrating the above equation we obtained  

 

ɛ𝑠𝐸 = 𝐷 + [ɛ𝑠𝐸(0) − 𝐷1]𝑒
−ɛ𝑠𝑡

𝑐                                                                             (2.39) 

 

The corresponding graphic for this expression is given in Figure 2.14. The 

exponential changes with time in In Figures 2.13 and 2.14 occur with different time   

constants (τ1 = c /ɛs). For this reason Equation  (2.37) can be written as last form as  

 

𝐷 +  𝜏
𝑑𝐷

𝑑𝑡
= ɛ𝑠𝐸 + ɛ𝑠𝜏1

𝑑𝐸

𝑑𝑡
                                                                                    (2.40) 

 
 

Figure 2.13. The variation of D with time at constant E 
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Figure 2.14. The variation of E with time at constant D 

 

These results can be characterized by admittance or impedance method which can be 

rewritten as : 

 

𝑌 =
1

𝑍
= 𝐺 + 𝑗𝜔𝐶                                                                                                 (2.41) 

 

where Y is the admittance, Z is the impedance, G is the conductance, C is thel 

capacitance, ω is the angular frequency, then  

 

𝑌 = 𝐺 + 𝑗𝜔 (𝐶ₒɛ
∗)                                                                                                (2.42) 

 

Where Cₒ is the dielectric constant of the capacitor when there is no dielectric 

material, and  ɛ* is the relative dielectric constant and can be written as  

 

ɛ∗( 𝜔) = ɛ′(𝜔 ) − 𝑗ɛ"(𝜔)                                                                            (2.43) 

 

then by substituting the value of the permittivity, the admittance value can be 

rewritten  as 

 

𝑌 = 𝐺 + 𝑗 𝜔𝐶ₒ(ɛ
′ − 𝑗ɛ")                                                                                       (2.44) 

 

𝑌 = (𝐺 +  𝜔ɛ"𝐶ₒ) + 𝑗 𝜔𝐶ₒɛ
′                                                                                 (2.45) 

 

Then the impedance Z which represents the opposite of admittance can be written as 
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𝑍 =
1

𝑗𝜔𝐶+𝐺
=

1

𝑗𝜔𝐶ₒɛ∗
                                                                                                (2.46) 

 

Substituting in Equations (2.43) and (2.46) we can get the imaginary part of 

permittivity as follow 

 

ɛ" =
𝐺

𝜔𝐶ₒ
=

1

𝜔𝑅𝐶ₒ
                                                                                                     (2.47) 

 

Where is real part of the permittivty was explaind in Equation (2.29). At applying 

A.C voltage to ideal dielectric, the consuming energy is zero and the phase angle 

between the current voltage and voltage is 90˚. In general, the phase angle in 

commercial dielectrics is  > 90˚. Finished angle δ= 90-  is called the dielectric loss 

angle. This angle can calculate the power which squandered in each cycle.An 

oscillating field E = E0 e
jωt is applied across the plates. All the displacement field D 

= D0 e
j(ωt-δ) with phase difference with respect to E – field. These equation leads to a 

complex quantity as   

 
𝐷ₒ

𝐸ₒ
𝑒−𝑗𝛿 = ɛ′ − 𝑗ɛ" = ɛ∗                                                                                        (2.48) 

 

where the relative permitivity or dielectric constant 𝜀′ =
𝐷0

𝐸0 
𝑐𝑜𝑠𝛿 the dielectric loss 

constant 𝜀′′ =
𝐷0

𝐸0 
𝑠𝑖𝑛𝛿   then  

  tanδ =
ε′′

ε′
                                                                                                          (2.49) 

 where tanδ is called loss tangent or squandered of the dielectric. It represents the 

value of energy that is lost in the dielectric when an A.C applied voltage is across it. 

Now the complex electric modulus (M*) or the reciprocal of complex relative 

permittivity can be significantly sturdy tool for analyzing dielectric demeanor of a 

polymeric insulating material, particularly at comparatively high temperatures, where 

complex permittivity commonly becomes very high because of electrode polarization 

and carrier transport. The complex electric modulus spectrum represents the measure 

of the distribution of ions energies or configurations in the structure and it also 

describes the electrical relaxation and microscopic properties of ionic glasses. The 

modulus formalism has been adopted as it suppresses the polarization effects at the 

electrode/electrolyte interface. Hence, the complex electric modulus M'' spectra 
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reflects the dynamic properties of the sample alone (Macedo et al., 1972; Provenzano  

et al., 1972).   

 

The complex electric modulus is defined by the reciprocal of the complex 

permittivity ɛ*.  

 

𝑀∗ =
1

ɛ∗
= 𝑗 𝐶ₒ𝑍

∗                                                                                                   (2.50) 

𝑀∗ = 𝑀′ + 𝑗𝑀"                                                                                                     (2.51) 

then Equation (2.50) can be rewrritin as flow  

 

𝑀∗ =
1

ɛ∗
= 𝑀′ + 𝑗𝑀" =

ɛ′

ɛ′2+ɛ"2
+ 𝑗

ɛ"

ɛ′2+ɛ"2
                                                              (2.52) 

 

where M* is the complex modulus, M' is the real and M" is the imaginary parts of 

electric modulus. 
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3. EXPERIMENTAL METHOD 

 

3.1. General Properties of SiC Crystals 

 

Silicon carbide (SiC) consists of chemically stable (Si) and carbon (C) atoms. Each 

electrons of Si atom are covalently bonded to the C and form different arrangement 

such as tetrahedral arrangement. SiC has many different crystal structures and is 

called a multi-structure, but it usually crystallizes in a large number of structures. 

The most important structures of SiC are three types of double-atomic layers A, B, 

and C which form a periodical series with a specified repeated unit along the c-axis 

form a specific polytype of the silicon carbide crystal, such as 3C-SiC, the stacking 

sequence of the double-atomic layers is ABCABC. The predominant polytypes in 

SiC are hexagonal. The most three prevalence hexagonal polytypes are 2H, 4H, and 

6H and their stacking sequences are ABAB, ABCBABCB, and ABCACBABCACB, 

respectively, as shown in Fig 3.1. Where, "H" refers to the hexagonal crystal 

structure and the number before "H" denotes the number of double-atomic layers in 

one repeating unit. The general properties of 4H-SiC explained in Table 3.1. 

 

 
 

 

 

Figure 3.1. 2H-SiC, 4H-SiC and 6H-SiC structures. 
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Table 3.1. Some properties of 4H-SiC (Casady et al., 1996; Han et al., 2003) 

 

Properties 4H-SiC 

Thermal conductivity (W cm-1K-1) at 300K doped at ~1017cm-3 3.7 

Intrinsic carrier concentration at 300K (cm-3) 5x109 

Saturation velocity (cm s-1) parallel to c-axis 2.0x107 

Electron mobility (cm2V-1s-1) 1000 

Hole mobility (cm2V-1 s-1) 115 

Band gap (eV) (T<5K) 3.26 

Saturated electron drift velocity (107 cm s-1) 2.0 

Breakdown field (MV cm-1) 2.2 

Thermal conductivity (W cm-1 K-1) 3.7 

Dielectric constant 9.7 

Physical stability Excellent 

 

3.2. General Properties of PVA Crystals 

 

PVA is a polyhydroxy polymer, is the biggest volume, synthetic water-soluble resin 

produced in the world. It is commercially produced by the hydrolysis of poly (vinyl 

acetate). PVA refers to the sequence of products which may be considered 

copolymers of vinyl acetate and vinyl alcohol. The physical properties of polyvinyl 

alcohol (PVA) depend on the preparation method, crystallinity, molecular weight, 

humidity ect as in Table (3.2). Their final properties are influenced by the 

polymerization conditions of polyvinyl acetate, the conditions of hydrolysis, drying 

and milling. The tensile strength of the unplasticized PVA is dependent on the 

hydrolysis degree, molecular weight and relative humidity. The degree of hydrolysis 

and polymerization greatly affects the water solubility of PVA in particular in other 

word, at high hydrolyzed PVA has low solubility in water. In PVA, the hydroxyl 

groups provide strong hydrogen bonding between molecules and within the molecule 

that will reduce the water solubility. The residues of the acetate groups present in the 

partially hydrolyzed PVA weaken these hydrogen bonds and lead to solubility at low 

temperatures. As the number of the hydrophilic nature of the acetate groups of the 

acetate groups increases, it causes an increase in negative heat dissolution. Increasing 

acetate group ratio causes the critical temperature to drop. It means that when applied 

temperature on PVA increases with low hydrolysis grade (70-80%), the solubility 

decreases (Marten, 2000).  
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Table 3.2 Physical Properties of Poly (vinyl alcohol) (Marten, 2000). 

 

Property Value Remarks 

Appearance 
White to ivory white granular 

powder 
 

Specific gravity 1.27–1.31 rises with crystalline degree  

Tensile strength, MPa 

 (98–99% hydrolyzed) 
67–110 

rises with crystalline degree 

(heat treatment), and molecular 

weight, reduces with rising 

humidity 

Tensile strength, MPa 

(87–89% hydrolyzed) 
24–79 

rises with molecular weight and 

reduces with rising humidity 

Elongation, 0–300 rises with rising humidity 

Thermal coefficient of 

expansion per ◦C 
7–12 ×10−5  

Specific heat, J/(g.K) 1.67  

Thermal conductivity, 

W/(m.K) 
0.2  

Glass-transition 

temperature, K 
358 98–99% hydrolyzed 

Melting point, K 

331 87–89% hydrolyzed  

503 98–99% hydrolyzed 

453 87–89% hydrolyzed 

Electrical 

resistivity,Ω·cm 
(3.1-3.8)x107  

Thermal stability 

Gradual discoloration 

above100 C; darkens rapidly 

above 150C; rapid 

decomposition above 200 C 

 

Refractive index nD 

(20C) 
1.55  

Degree of crystallinity 0–0.54 
rises with heat treatment and 

hydrolysis degree  

Storage stability (solid) 
Indefinite when protected from 

moisture 
 

Flammability Burns similarly to paper  

Stability in sunlight Excellent  

 

3.3. Preparation of PVA by Electrospinning Method 

 

Electrospinning method is one of the most effective methods for the production of 

polymer based nanofibers. Electrospinning is a multi-disciplinary method of fluid 

dynamics, polymer chemistry, basic physics, electrical physics, machine and textile 

engineering disciplines. In the electrospinning method, a polymer thin films produce 

by electric energy. The experimental setup required for the electrospinning method 
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consists of three main fundamentally important parts which are 1-high voltage power 

supply, 2-syringe pump, 3-electric conductive picker. The syringe pump is one of the 

important components for obtaining a fixed and adjustable feed rate of the polymeric 

solution as shown in figure 3.2 (Tecimer et al., 2013). 

 

If we will explain this method in the simplest way; 

 

1. A polymer solution is placed in the syringe and a collector-metal plate is placed a 

certain distance away from the syringe. 

2. The collector plate is grounded while the high voltage supply source of the 

power supply is tied to the metallic wire of the syringe. 

3. A high electric field is thus obtained between the syringe and the collecting plate. 

4. As the voltage provided by the power supply is increased, electric field forces 

reaching a sufficiently high value overcome the viscoelastic and surface tension 

forces on the solution and the polymer molecules are transported from the syringe 

to the collector. 

5. As a result, nano-sized fibers are formed on the collecting plate. 

 

Before coating, the n-type4H- SiC substrate was washed with 1% hydrofluoric acid 

to remove silicon oxide on it. Then 0.1 g of Zinc acetate was mixed with 0.9 g of 

PVA having a molecular weight of 72 and 9 ml of deionized water. After stirring at 

50 C for 2 hours, a concentrated solution of PVA was got. Using a peristaltic syringe 

pump, the precursor solution was distributed at a constant flow rate of 0.05 mL / s 

with (10 ml) needle syringe with inner diameter of 0.9 mm at rate about 0.05 ml/h 

constant flow. The needle was tied to a high voltage power supply and a mengenede 

was placed horizontally. A piece of flat aluminum leaf was placed 15 cm below the 

needle to collect the nanofiber particles. The n-type 4H -SiC substrate was placed on 

an aluminum sheet by applying a voltage above 20 kV, the fluid jet was ejected from 

the tip. The solvent was evaporated and the charged fiber was deposited on SiC 

substrate. 
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Figure 3.2. Electrospinning process digram 

 

3.4. Preparation of Au / Zn doped PVA / n-4H-SiC structure 

 

Both the Au/n-SiC (MS) and Au/Zn-PVA/n-SiC (MPS) structures were grown on the 

n-type 4H-SiC (0001) wafer with 7.07x1017 cm-3 donor concentration atoms (Nd), 

0.0314 cm2 rectifier/Schottky contact area and 250 μm thickness. Firstly, n-type 4H-

SiC wafer was degreased in organic solution of peroxide-ammoniac solution in 10 

minutes, and then etched in a sequence of H2O+HCl solution in ultrasonic bath and 

then quenched in de-ionized water (DI) with 18 MΩ.cm resistivity for ten minutes. 

Preceding each cleaning step, the wafer was rinsed thoroughly in DI water and then 

dried with high pure dry nitrogen (N2) gas. Immediately, n-type 4H-SiC wafer 

transferred into vacuum chamber and high purity (99.999%) gold (Au) with a 

thickness of ~1500 Å was thermally evaporated onto the whole back side of it at a 

pressure of 10-6 Torr in the high vacuum metal evaporation system (HVMES). In 

order to get low resistivity ohmic back contact, both two n type 4H-SiC wafers were 

sintered at 500 °C for 5 min in nitrogen ambient. Finally, high purity Au dots of ~2 

mm diameter with a thickness of ~1500 Å was thermally evaporated onto the front  

of (Zn-doped PVA) layer with 50 nm in the same high thermal evaporation system. 

Thus, the fabrication processes of Au/(Zn-PVA)/n-4H-SiC (MPS) type structures 

were completed. Both the thickness evaporated metal layer and the deposition rates 

were monitored with the help of quartz crystal thickness monitor. 
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In order to perform Au/Zn-PVA/n-SiC (MPS) structures, Zn-doped PVA interfacial 

layer with 50 nm was deposited onto the front of n type 4H-SiC wafer by using 

electrospinning method. After the formation of the Zn-doped PVA interfacial 

polymer as in Figure(3.3a) , high purity Au dots of ~2 mm diameter with a thickness 

of ~1500 Å was thermally evaporated onto the front of n type 4H-SiC wafer in the 

same high vacuum MES for two structures by using mask as in Figure (3.3b). Thus, 

both the fabrication processes of Au/n-SiC (MS) and Au/Zn-PVA/n-SiC (MPS) 

structures were completed as in Fig 3.4 (a and b) . Both the metal thickness layer and 

the deposition rates were monitored with the help of quartz crystal thickness monitor. 

Finally, in order to perform electrical measurement of these structures, they were 

mounted on a copper (Cu) holder with the help of silver paste and electrical 

measurements were made to the upper electrodes by the use of tiny silver coated Cu-

wires with silver paste. The measurement system for the forward and reverse bias I-

V, C-V and G/-V measurements was also given in Fig.3.5and 3.6. The interfacial 

layer thickness (di) was estimated to be about 500 Å from high frequency (1MHz) C-

V measurements of the interfacial layer capacitance (Ci=ɛr ɛo A/di) in the strong 

accumulation region. The forward and reverse bias C-V and G/-V measurements 

were performed by the use of a computerized HP 4192A LF impedance analyzer (5 

Hz-13 MHz) in the wide applied bias voltage range of (-6V)- (+6V) by 50 mV steps 

at 1 kHz and 1 MHz as in figure 3.6. The forward and reverse bias I-V measurements 

were performed by the use of a Keithley 2400 current-voltage source-meter.  

 

 In the second step, I-V-T, C-V-T and G/-V-T measurements were performed by 

using a computerized HP 4192A LF impedance analyzer in bias voltage range and 

the temperature (−4 V)–(+6 V) and 100–320 K at 1 MHz, respectively. All 

measurements were carried out in dark with the help of a microcomputer through an 

IEEE-488 AC/DC converter card in the JANES-475 Cryostat at about 10−3 Torr to 

avoid an external noise or other effects as in Fig.3.7and 3.8. 

 

3.4.1. Materials and measurements devices 

 

 Deionize water source (18 MΩ/cm), 

 Some chemical solutions 

 Some semiconductor wafers (n-type 4H-SiC) 
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 Some of pure metals (Au, Zn). 

 Liquid nitrogen N2. dry nitrogen gas (N2) atmosphere. 

 Some of polymer materials (PVA). 

 IEEE-488 AC/DC converter card in the JANES-475 Cryostat. 

 Copper (Cu) holder with the help of silver paste. 

 Tiny silver coated Cu-wires with silver paste. 

 Copper base.  

 Ultrasonic bath  

 Keithley 2400 current-voltage source 

 Janis VPF-475 cryostat ( 77-400 K) 

 Hawlett Packard 4192A LF impedans Analyzer (5Hz-13 MHz),  

 

  

Figure 3.3. (a) The mask used to create 

the ohmic contact. 

Figure 3.3. (b) The mask used to 

create a rectifier contact. 

 

 

  

Figure 3.4. (a) schematic diagrams of 

Au/n-4H-SiC(MS) 

structure. 

Figure 3.4. (b) schematic diagrams 

Schematic representation of 

Au / Zn doped PVA / n-4H-

SiC (MPS) structure. 

 

Au rectifying contact ~150 nm 

Au Ohmic contact ~150 nm 

 

n-4H-SiC ~250μm 

Au rectifying contact ~150 

Au Ohmic contact ~150 nm 

 

n-4H-SiC ~250μm 

         
(   Zn dopedPVA) ~50 nm 
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3.5. Experimental Measurement System 

 

1. At room temperature, a schematic view of the experimental measurement system 

is given in Figures 3.5and 3.6. The devices used in this test system are as follows. 

 HP 4192A LF impedance analyzer 

 Keithley 2400 current-voltage source. 

2. At temperature range (100-320) K, a schematic view of the experimental 

measurement system is given in Figures 3.7and 3.8.The devices used in this test 

system are as follows. 

 HP 4192A LF impedance analyzer 

 Keithley 2400 current-voltage source. 

 Janis vpf-475 cryostat. 

 Lake Shore model 321 Autotaning Temperature Controller. 

 

3.5.1. HP 4192A LF impedance analyzer 

 

HP 4192A LF impedance analyzer (5 Hz-13 MHz) and 40 mVrms test signal was used 

to measure capacitance–voltage (C-V) and conduction –voltage (G/ω-V) 

measurements at room temperature and wide rage temperature. 

 
 

Figure 3.5. HP 4192A LF impedance analyzer 

 

3.5.2. Keithley 2400 current-voltage source 

 

A Keithley 2400 current-voltage source was used to measure current-voltage 

measurements and current-voltage temperature-dependent measurements. The 
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Keithley 2400 current-voltage meter shown in Figure 3.6 can measure both current-

source voltage measurement and voltage-source current measurement. It can measure 

voltage from ± 1 μV to ± 200 V and current measurement from ± 10 pA to ± 1 A. ± 

0.15% sensitivity measurement device has IEEE-488 interface data path. 

 

 

Figure 3.6. Keithley 2400 current-voltage source device. 
 
 

 
 

Figure 3.7. A schematic view of the experimental I-V measurement system 
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Figure 3.8. A schematic view of the experimental C-V measurement system  

 

3.5.3. Janis vpf-475 cryostat and Lake Shore model 321 temperature control 

system 

 

I-V measurements of Au / (Zn-doped) PVA / n-4H-SiC structure prepared to reduce 

external effects on all measurements were performed at a pressure of about 10-2 mbar 

in a Janis vpF-475 cryostat with 4 optical windows. This cryostat has a Lake Shore 

model 321 temperature control system and is capable of measuring at temperatures 

ranging from 79 K to 425 K. 

 

 

Figure 3.9. Photo of Lake Shore model 321 temperature controller device and Janis 

vpf-475 cryostat.  
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4. RESULTS AND DISCUSSION 

 

4.1. A Compare of Electric Characteristics of Metal-Semiconductor (MS) and 

Metal-Polymer-Semiconductor (MPS) Structure at Room Temperature 

 

4.1.1. The forward and reverse bias current-voltage (I-V) characteristics 

 

In order to determine whether MS structure with modified PVA interfacial layer 

doped by Zn nanoparticles and without an interfacial layer has the ideal diode 

behavior, its experimental results at forward bias I-V characteristics and low or 

intermediate voltage (V≥3kT/q) can be analyzed according to thermionic emission 

(TE) theory and by using Equation (2.6) (Rhoderick, 1978; Sze, 1981; Sharma, 

1984). 

 

From Eq. (2.9) , the saturation current (Io) was calculated from straight line 

interception of lnI at V=0, A* is the effective Richardson constant (146 A.cm-2K-2 for 

n-type 4H SiC, A is the rectifier/Schottky contact area, T is the absolute temperature 

in K, VD is the voltage drop across the junction ad n is the ideality factor (Rhoderick, 

1978), and the other quantities are well known in the literature. Fig. 4.1 shows the 

experimental reverse and forward bias I-V characteristics for MS and MPS type 

structures at room temperature. As shown in Fig.4.1, both MS and MPS type 

structures have a rectifying behavior with exponential increase of the current 

showing in the forward bias and weak voltage dependence in the reverse bias 

regions. The value of Io was evaluated from the intercept of the linear region of lnI-V 

plots, whereas the value of n was evaluated from its slope for both structures 

according to Equation (2.9) by taking the logarthem for both side , then we get the 

following equation (Sze, 1981; Rhoderick, 1978). 

 

𝑛 = (
𝑞

𝑘𝑇
)(

𝑑𝑉

𝑑(𝑙𝑛𝐼)
                                                                                                        (4.1) 

 

Now, the value of Bo was calculated by taking the logarthem for both sides of 

Equation (2.7) and  using theoretical value of A* and extrapolated Io values as 

following equation for two type structures (Sharma, 1984).  
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Ф𝐵0 =
𝑘𝑇

𝑞
ln(

𝐴𝐴∗𝑇2

𝐼0
)                                                                                                 (4.2) 

 

Fig.4.1, shows shows lnI vs V plot of the MPS structure having two linear regions 

with different slopes whereas for MS structure this plot has one linear region in the 

intermediate biases. For the MPS structure, these regions are belonging to low bias 

voltages (3kT/q≤V≤0.55V) and intermediate bias voltage regions (0.55V≤V≤1.30V), 

respectively.  Such two linear regions for MPS structure are known two parallel 

diodes model with different BH (Demirezen et al.,   2015). In addition, in the enough 

high forward-bias voltages, Fig.4.1 plot shows for both MS and MPS structure 

deviation from linearity due to the existence of Rs. Table 4.1,  showing the values of 

I0, n and ΦB0 for MS and MPS structures were found from the first region as 1.90x10-

11A, 3.854 , 0.906 eV and 7.08x10-10A, 3.24, 0.80 eV, respectively. These high 

values of n for two structures at room temperature can especially be due to the 

existence of native or deposited interlayer, the spatially distribution of Nss, and the 

existence of many distribution of low BHs or patches an average BH (Rhoderick, 

1978; Sze, 1981; Sharma, 1984; Tunc et al., 2011; Bilkan et al., 2015). These results 

refer to the values of n and leakage current at (-6 V) for the MPS with (Zn doped-

PVA) interfacial layer are lower than those of the MS attributed to the passivity role 

of Zn-PVA interfacial polymer layer. Similarly, the rectifying rate (R=IF/IR) at 6V 

for the MPS structure is 15.5 times higher than MS structure. 

 

Table 4.1. The experimental results values for some electrical parameters  obtaind 

from the forward bias I-V characteristics for MS and MPS structure at 

room temperature. 

 

Samp. I0 (A) n(I-V) 
B0(I-V) 

(eV) 

Rs(dV/dln(I)-I) 

(Ω) 

Rs(H(I)-I) 

(Ω) 

RR(6V) 

(=IF/IR) 

Rs(I-V) 

(Ω) 

Rsh(I-V) 

(Ω) 

MS 2.91x10-11 3.854 0.806 27.03 89.305 347 49.4 2.4x107 

MPS 7.08x10-10 3.241 0.815 171.72 196.79 5390 22.1 9.5x108 
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Figure 4.1. Experimental reverse and forward bias I-V characteristics for both MS 

and MPS type structures at room temperature. 

 

As can be seen in Equation (4.1) MPS type structure or diode has Nss in 

equilibrium state with semiconductor (di≥3 nm) and interfacial layer, the 

experimental results value of n becomes greater than 1 and dependent on applied bias 

voltage. Thus, Nss can be calculated from the forward bias I-V characteristics by 

taking into account voltage dependent effective BH (e) and ideality factor n(Vi) by 

using following relations (Sharma, 1984; Demirezen et al., 2016; Alialy et al., 

2014):. 

 

𝑛(𝑉𝑖 ) =
𝑞

𝑘𝑇
[
𝑉𝑖 

ln (
𝐼𝑖 
𝐼0
)
] =  1 +

𝛿

ɛ𝑖
  [

ɛ𝑠

𝑊𝐷
+ 𝑞𝑁𝑠𝑠 (𝑉𝑖 )]                                                   (4.3a) 

Ф𝑒  = Ф𝐵0  + 𝛽(𝑉)  =  Ф𝐵0 + [1 −
1

𝑛((𝑉𝑖 )
] 𝑉𝑖                                                      (4.3b) 

 

where Where, i represents the thickness of interlayer, WD represents the depletion 

layer width, Nss represents the surface states/traps density, i and s represent the 

permittivity of modified PVA interfacial layer doped by Zn nanoparticles and 

semiconductor, respectively. β is the voltage coefficient of the effective BH used in 

the ΦB0 (β=de/dV=1-1/n(V)). In calculations, the value of δ is taken as 20Å for 

native SiO2 and 500 Å for (Zn-doped PVA) layer respectively. WD is the width of the 
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space charge region (≈3.87x10-5 cm which can be obtained from the linear part of 

reverse bias C-2 vs V plot at 1 MHz). The value of s was taken as13.1o for 4H SiC, 

the values of εi was taken as 3.8o for SiO2 and 8.47o for Zn-doped PVA. The 

voltage dependent n(Vi)  values for  both structures at room temperature are obtained 

by using Equation (4.3) and shown in Fig.4.2. The experimental results value of n at 

intermediate bias voltage (for the linear region of lnI vs V plots) is almost constant, 

but it increases with increasing voltage almost linearly at enough high forward bias 

voltages for two diodes. In addition, the expression for the Nss from Equation (4.3a) 

that is entirely governed by the semiconductor suggested by Card and Rhoderick can 

be calculated as follows (Demirezen et al., 2016). 

 

𝑁𝑠𝑠(𝑉) =
1

𝑞
[
ɛ𝑖

𝛿
 (𝑛(𝑉) − 1) −

ɛ𝑠

𝑊𝐷
]                                                             (4.4a) 

 

The energy level of Nss with respect to the bottom of the conduction band for n-type 

semiconductor is given by (Card et al., 1971; Altındal et al., 2009) 

 

𝐸𝑐 − 𝐸𝑠𝑠 = 𝑞(Ф𝑒 − 𝑉)                                                                                         (4.4b)  

 

 

Figure 4.2. n vs V for both MS and MPS structures at room temperature. 
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 From Eqution (4.3 b) it's clear that the value of Φe increases by increasing applied 

forward bias voltage because of the increase in quasi-Fermi energy level of majority 

carriers on the semiconductor side. Thus, the value of Nss was calculated by using 

Equation 4.4(a, b) and was given in Fig. 4.3 for both structures. As can be seen clear 

in Fig. 4.3, the values of Nss increase from the mid-gap of 4H SiC towards the bottom 

of conduction band (Ec). Thus the values of Nss for the MPS are much lower like n 

and leakage current compared to the MS because of the saturation of dangling bonds 

or the passivity role of (Zn doped-PVA) interfacial layer. These results show that a 

grown of a modified PVA interfacial layer doped by Zn nanoparticles between metal 

and semiconductor instead of conventional SiO2 can increase the quality and 

performance of the MS and MIS type structures. 

 

 

Figure 4.3. The energy dependent density distribution profiles of Nss vs (Ec-Ess) plots 

for the MS and MPS structures at room temperature. 

 

Usually, the forward bias I-V plot for MS, MIS and MPS structures is linear on semi-

logarithmic scale at intermediate forward bias voltage (V≥3kT/q), but there it 

becomes deviation from linear state especially because of the existence of Rs and 

polymeric interfacial layer. Furthermore, the experimental values of Nss and 

resistance of the interlayer will be added to the resistance of epitaxial and so leads to 

deviation from linearity at enough high forward biases (Sochacki et al., 2005). There 

are several methods to determine the value of Rs in the literature (Rhoderick, 1978; 

Norde, 1979; Sze, 1981; Nicollian et al., 1982; Sharma, 1984; Cheung et al., 1986). 

In this study, Rs has been calculated by applying the Cheung’s method (Cheung et 
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al., 1986). Applying this method and by using Equation (2.9), the forward bias I-V 

relation with Rs value can be expressed as: 

 

𝑑𝑉

𝑑(𝑙𝑛𝐼)
= 𝑛

𝑘𝑇

𝑞
+ 𝐼𝑅𝑠

  
                                                                                               (4.5) 

and 

𝐻(𝐼) = 𝑉 − 𝑛
𝑘𝑇

𝑞
ln(

𝐼

𝐴𝐴∗𝑇2
) = 𝑛ɸ𝐵  + 𝐼𝑅𝑠                                                             (4.6) 

 

Both the dV/d(lnI) vs I  and H(I) vs I plots were drawn by using Equations (4.5) and 

(4.6) for the MS and MPS structures ant they were given in figures 4.4 and 4.5, 

respectively. As shown in Figs. 4.4 and 4.5, these two plots have a good linear range 

for two structures. Thus, a plot of dv/dln I vs I will give the values of Rs as the slope 

and n values will be obtained from Equation (4.5) determining the y-axis intercept 

(=nkT/q), of these plots respectively. Similarly, the slope of H (I) vs I plot (Fig.7) 

will provide a second way for determination of Rs, which produce a check the 

uniformity of this approach. From Equation (4.6), the values of Rs and B were 

calculated and obtained from the slope and the intercept of y-axis (=nB) of these 

plots for two structures, respectively. The values of n which are calculated from 

Cheung function acorrding to Equation (4.5) are considerably higher than those 

extracted from Equation (4.1). Fig.2,  shows an  expected situation due to the 

increase of n with applied bias voltage. The voltage dependence of structure 

resistance (Ri) is also obtained by applying Ohm’s law (Ri=dVi/dIi) and represented 

inset in Fig.4.1 for MS and MPS type structure. As shown in this figure, the real 

values of Rs and Rsh for both two structures agree to enough high forward bias 

voltage (6V) and enough low or zero bias voltages, respectively. As seen in Table 

4.1, the experimental result of Rsh value for MPS structure is 39.99 times higher as 

compare with Rsh value for MS structure. The experimental values of Rs  that 

obtained from Cheung’s functions and Ohm’s law for two structures were 

represented in Table 4.1. The discrepancy between Rs from these methods is the 

result of voltage dependence of it like ideality factor and BH.  
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Figure 4.4. (a) dV/dln(I) vs I for MS structure.  (b) dV/dln(I) vs I for MPS structure .   

 

   

Figure 4.5. (a) H(I) vs I for MS structure. (b) H(I) vs I for MPS structure. 

 

4.1.2. The Forward and Reverse Bias C-V and G/-V Characteristics  

 

The capacitance and conductance measurements (C-V and G/-V) respectively were 

applied at both low (1 kHz) and high (1 MHz) frequencies by using HP 4192A LF 

Impedance Analyzer. According to Nicollian and Brews (Nicollian et al., 1982), at 

enough low frequencies, almost of all surface states can follow the external 

alternating ac signal easily and so yield an excess Cex. and Gex./ to the real values of 

them, but at high frequencies it is  impossible  for these states/traps to follow the ac 

signal. For this purpose, the C-V and G/-V plots of the MS and MPS structures 

were drawn at low frequency 1 kHz and high frequency 1 MHz. Fig. 4.6 (a) and (b) 

shows the C-V characteristics for MS and MPS structures at 1 kHz and 1 MHz, 

respectively, and these plots have three regions (inversion, depletion and 

accumulation) both low and high frequency. C-V characteristic has shown clearly 

that the anomalous peak at the accumulation region due to the effect of Rs and native 
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SiO2 and (Zn-doped PVA) interfacial layer rather than Nss. It is clear that the 

magnitude of anomalous peak inversely related to frequency due to the effect of Nss. 

This kind of peak behavior can be attributed to the particular density distribution of 

Nss and remodeling and restructure of them under applying electric field (Arslan et 

al., 2011; Uslu et al.,   2011; Demirezen et al., 2016). As seen in Fig. 4.6 (a) and (b), 

the value of capacitance of both structures are extremely sensitive to the Nss, 

interfacial layer and Rs ,but Nss shows an effective behavior especially at inversion 

and depletion regions, whereas Rs shows an effective  behavior only at accumulation 

region.  

 

As seen in Fig. 4.5 (b), at 1 MHz, C  value increases with increasing voltage until 

accumulation region after that it suddenly decrease until goes to negative due to the 

effect of Rs, but at 1 kHz, this negative capacitance (NC) behavior becomes 

disappear. Because, the effect of Rs on C-V and G/-V plots can be neglected at low 

frequencies, but it becomes very effective at high frequencies contrary to Nss. The 

general consensus on NC in the accumulation region is due to the existence of Nss 

and their relaxation time (), Rs, the contact injection and minority carrier injection 

(Ershov et al., 1998; Werner et al., 1988). In addition, according to Butcher (Butcher 

et al., 1996) and Huang et al. (Huang et al., 1997), NC behavior can be attributed to 

technical problems of devices, such as parasitic inductance or accuracy of 

calibration, respectively.  

 

          

 

Figure 4.6. (a) C-V characteristics of MS and MPS at 1kHz (b) C-V characteristics of 

MS and MPS at 1MHz. 
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In general, the NC has been referred to as “abnormal” or “anomalous” behavior in 

the literature (Arslan et al., 2011).  The C value is a differential effect of charge Q 

with respect to junction voltage Vj, i.e. C=dQ/dVj Zhu et al. (Zhu et al., 2009). 

Furthermore, by increasing forward bias voltage the C value reaches to a maximum 

value and after certain voltage it starts rapidly to decrease until the negative value 

reaches (Ershov et al., 1998; Zhu et al., 2009; Bilkan et al., 2015). C-V and G/-V 

plots for MS and MPS structures at 1 MHz were drawn to see the inductive behavior 

in these structures in Fig. 4.7(a) and (b), respectively, which explain how the G/ω 

value increases for two structures with increasing frequency both at depletion and 

accumulation region, but at accumulation region contrary to G/ω, the value of C 

reaches a peak value and then goes to negative value at strong accumulation region.  

In addition, the lowest value of C represent the highest value of G/ω. NC exhibits a 

decrease in electronic charges on electrodes with an increasing bias voltage and such 

behavior of C and G/ω is known as “inductive behavior” in the literature (Werner et 

al., 1988; Butcher et al., 1996; Huang et al.,   1997; Ershov et al., 1998; Zhu et al., 

2009; Uslu et al., 2011; Arslan et al., 2011; Bilkanet al., 2015). 

      

Figure 4.7. (A) C-V and G/ω-V plots of MS at 1MHz. (B) C-V and G/ω  

 characteristics of MPS at 1MHz. 

 

The variation in C at the reverse bias or inversion region, the C-2-V plot of the MS 

and MPS structures for 1 MHz are given in Fig. 4.8. As shown in Fig. 4.8, the C-2-V 
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of reverse bias voltage. At elevated frequencies (f≥ 1MHz), the depletion layer 

capacitance of MS and MPS type structures can be expressed as follows (Rhoderick, 

1978; Sze, 1981; Sharma, 1984).  

 

𝐶 = 
|𝑑𝑄𝑠𝑐 |

| 𝑑𝑉  |
= √

𝑞ɛ𝑟 ɛ 0𝐴2  𝑁𝐷 

2(𝑉𝑏𝑖+𝑉)
        and       

1

𝐶2
=

2(𝑉𝑅+𝑉𝑏𝑖)

𝑞ɛ𝑟ɛ0𝑁𝑑𝐴
2

    

                                    (4.7) 

 

 

Figure 4.8. C-2 -V plots for MS and MPS structures for 1MHz at room temperature. 

 

In Eq. 4.7, A, VR, Vbi, Nd , ɛr , ɛo represent the rectification contact area, the reverse-

bias voltage, the built-in voltage at zero bias, the donor concentration in 4H SiC, the 

relative permittivity of semiconductor and the permittivity of free space or vacuum 

repectively. The values of Vo, Nd, EF, b (C-V) and depletion layer width (WD) are 

calculated from the intercepts and slopes of the C-2-V plot for each structure using 

following relations (Card et al., 1971; Rhoderick, 1978; Sze,  1981; Sharma,  1984): 

 

𝑉𝑏𝑖 = 𝑉0 +
𝑘𝑇

𝑞
                                                                                                           (4.8) 

 

𝑊𝐷 = [
2ɛ𝑟ɛ0(𝑉𝑅+𝑉𝑏𝑖)

𝑞𝑁𝑑
]

1

2
                                                                                              (4.9) 
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The value of EF can be calculated from the conduction band edge for n-type 

semiconductor in the neutral region of n-4H SiC by using following relation as 

(Rhoderick, 1978; Sze, 1981): 

 

𝐸𝐹 =
𝑘𝑇

𝑞
 ln (

𝑁𝑐

𝑁𝑑
)                                                                                                     (4.10) 

 

Where, Nc is the effective density of states in n-4H SiC conduction band. The 

experimental values Vo, Nd, EF,B and WD were obtained and arranged  as in Table 2. 

 

Table 4.2. The expermental values of some parameters  at the linear parts of the 

reverse bias C-2 vs V plots for MS and MPS structure at room 

temperature  

 

Sample 
V0 

(V) 

Nd 

(cm-3) 

EF 

(eV) 

B 

(eV) 

WD 

(cm) 

MS 0.807 8.373 x1016 0.123 0.955 1.249x10-5 

MPS 1.105 9.128 x1015 0.179 1.309 3.781x10-5 

 

As can be seen in Table 4.1 and 4.2, the B0(C-V) value which calculated from the 

reverse bias C-V characteristics is higher than B0 (I-V) which obtained from the 

forward bias I-V characteristics due to the nature of measurement methods. In other 

words, the values of BH obtained from two techniques are not always the same in 

bias voltage. It is well known that the apparent BH from metal side to semiconductor 

side is higher than from that semiconductor to metal sides at about EF. This 

discrepancy between B0(C-V) and B0 (I-V) is also the result of the in-

homogeneities of BH and polymeric interfacial layer at M/S interface. 

 

 𝑅𝑠 =
𝐺𝑚𝑖

𝐺𝑚𝑖
2 +(𝜔𝐶𝑚𝑖)

2                                                                                                  (4.11) 

The voltage dependent Rs profile as was  also calculated by using Equation 

(4.11) for the C-V and G/ω measurements by applying Nicollian and Brews method 

at 1MHz to explain how Rs effects both C-V and G/-V characteristics for MS and 

MPS structure and were given in Fig. 11 (Nicollian et al., 1982).  
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Figure 4.9. Rs vs V plots of the MS and MPS structures for 1 MHz at room 

temperature. 

 

As shown in Fig. 4.9, the value of Rs at accumulation region is almost 

independent of applied bias voltage and so it is representing to the real value of Rs for 

two type structures. Thus, the real value of Rs for MS and MPS structure was found 

as 1.09  and 1.63  at 6 V, respectively. The value of Rs for MPS structure is also 

lower than the MS structure and these values of Rs are more suitable for an electronic 

device. The peak behavior in Rs vs V plot for MPS structure can be caused by 

particular distribution of Nss at (Zn doped-PVA)/n-4H SiC interface. Because, at 

peak position, the charge carriers may be trapped due to higher value of Nss and at 

certain  high forward biases voltage, the value of Rs will decrease due to decreasing 

of charge carriers at traps or states. Finally, in order to see the charges at surface 

states or traps on the C-V and G/ω-V plots, the profiles of Nss vs V was also 

calculated from the high-low frequency (1MHz-1 kHz) capacitance (CHF-CLF) 

technique using following relation for both structures and they were given in 

Fig.4.10. 

 

qANss=(1/CLF-1/Ci)
-1-(1/CHF-1/Ci)

-1                                                                     (4.12) 

 

In Equation 4.12, Ci is the interfacial layer capacitance and was obtained by using the 

Cma and Gma/ values at strong accumulation region at 1 MH by using following 

relation (Nicollian. et al., 1982). 

 

Ci= Cma [1+((Gma/)/Cma)
2]                                                                (4.13) 
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Figure 4.10. Profiles of Nss vs V for the MS and MPS structures obtained by the high-

low frequency capacitance method at room temperature. 

 

As seen in Fig .4.10, the density of Nss for MS and MPS type structures shows a peak 

value due to a special density distribution of Nss and their remodeling and restructure 

under electric field. As a result, the values of Nss  was calculated  from high-low-

frequency capacitance method for MPS structure are also lower than those of MS 

structure at accumulation region, but the distribution of Nss varies from region to 

region due to their special distribution between interfacial layer and semiconductor. 

Fruthermore, Fig. 4.10 shows a peak value of Nss at about 3V for both MS and MPS 

structures with higher value for MPS 10 times than that of MS structure and then at 

higher voltage (V≥ 3V) the value of Nss exponentially decreases from conduction 

band to mid-gap with increasing applied biasing voltage in different ratio for both 

structures. These results indicated the electrical parameters of these structures to be 

quite dependent on voltage as well as interfacial polymeric layer. When the main 

electrical parameters of MS and MPS structure are compared; the values of ideality 

factor, leakage current, Rs, Bo and Nss for MPS structure are considerably lower than 

those of MS structure. However, the values of Rsh and RR for MPS structure are 

considerably higher than those of MS structure due to the passivity role of Zn-PVA 

interfacial polymer layer. As a result, we can say that the (Zn doped-PVA) polymer 

material can be applied as an interfacial layer instead classical SiO2 insulation layer 

to get better quality or performance of MS structure. 
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4.2. I-V Characteristics of Metal-Polymer-Semiconductor (MPS) Structure at 

Wide Temperature Domain (100-320K)  

 

Fig.4.11 shows the semi-logarithmic forward and reverse bias I-V characteristics of 

the fabricated Au/(Zn-doped PVA)/n-4H-SiC (MPS) structure for various 

temperature. As can be seen in Fig. 4.11, the semi-logarithmic I-V at forward bias 

region has two distinct linear regions with different slopes depending on the bias 

voltages for each temperature. These two linear regions are corresponding to the low 

bias voltages (LBR), 0.05V≤0.4V and moderate bias voltages (MBR), 0.4≤V≤0.8V, 

respectively. These two linear regions for MPS structure are known two parallel 

diodes model with different BH. For high forward-bias voltages (HBR), lnI vs V plot 

MPS structure shows a deviation from linearity because of the existence of Ri.  The 

non-saturating behavior of the current at reverse bias region can be commonly 

explained in terms of the image force lowering of BH and the existence of interfacial 

layer between metal and semiconductor (M/S). This soft non-saturating reverse 

characteristic can be also based on the barrier inhomonogeneity at M/S interface.   

 

For MS structure with and without an interfacial insulator or polymer layer (MIS or 

MPS) and at effective series resistance region,the relation between forward bias 

current-voltage according to thermionic emission (TE) theory (V>3kT/q) can be 

expressed as follow (Padovani et al., 1966; Crowell et al., 1969; Sze, 1981; Tung, 

1992): 

 

















 
 1

)(
exp)exp(2*

nkT

IRVq

kT

q
TAAI s

Bo                                                   (4.14) 

 

The expressions in front of the brackets in Equation (4.14) corresponds to reverse-

bias saturation current (Io) and it is obtained from the interception  of the linear 

region in lnI-V plot at V=0, ФBo is the zero-bias barrier height, V is the applied 

voltage drop across the diode, A* is the effective Richardson constant (146 cm-2K-2 

for n-type 4H-SiC), the term of IRs is the voltage drop across the Rs and others are 

well known quantities in the literature. Thus, the value of ФBo can be obtained from 

Equation (4.3) by substituting the values of Io and rectifier contact area (A) of the 

diode for each temperature.  
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The value of n of the MS and MIS type diodes is a decisive parameter that affects the 

device efficiency by controlling on the charge transportation through interfaces and it 

can also be calculated from the slope of the linear region in lnI-V plot using Equation 

(4.1) (Rhoderick, 1978; Sze, 1981).  

 

The experimental values of Io, n and ФBo for both at the LBR and MBR for the 

fabricated Au/(Zn-PVA)/n-4H-SiC (MPS) structures in the temperature range of 

(100-320 K) are tabulated in Table 4.3. All these main diode parameters are found a 

strong function of temperature and they change from 7.70x10-9A, 10.99, 0.24 eV (at 

100 K) to 1.68x10-8A, 3.08 and 0.830 eV (at 320 K) for LBR and 2.25x10-9A, 13.31, 

0.252 eV (at 100 K) to 9.89x10-8A, 4.15 and 0.767 eV (at 320 K) for MBR, 

respectively. Such change in ΦBo with temperature both for LBR and MBR is in-

agreement with negative temperature of forbidden band-gap or BH for ideal Schottky 

diodes. In addition, the high values of n especially at low temperature  can be partly 

explained by the existence of interfacial (Zn-doped PVA) layer, a special density 

distribution of surface states (Nss) between (Zn-doped PVA) and n-type 4H-4H-SiC 

and the dominated conduction by interface recombination, but main reason is the in-

homogeneities of BH at M/S interface (Song, 1986; Werner et al., 1991; Schmitsdrof 

et al., 1997; Mönch, 1999; Reddy et al., 2014; Reddy et al., 2015; Marı, 2015; Güçlü 

et al., 2016; Moraki et al., 2016). The temperature dependence of n and ФBo of the 

Au/(Zn-PVA)/n-4H-SiC (MPS) structure for LBR and MBR are given in Fig.4.12 (a) 

and (b), respectively. As can be seen in Fig. 4.12, while the value of ФBo increases, n 

decreases with increasing temperature. This decrease in ФBo and increase in the n 

with decreasing temperatures is an evident for the deviation from the TE theory. 

 

In addition, according to TE theory, the value of n should be close to unity and 

furthermore the value of BH should increase with decreasing temperature due to the 

negative temperature coefficient of the BH or the forbidden band gap (Eg) of the 

semiconductor. These lower values of ФBo at low temperatures can be attributed to 

the electrons which are able to surmount the lower barriers or patches and therefore 

current conduction will be dominated by current flowing through these patches or 

lower BHs and leads to high values of n (Reddy et al., 2014; Marıl et al., 2015; 

Güçlü et al., 2016; Moraki et al., 2016). However, when temperature increases, more 

and too much charge carriers (electron or holes) have enough thermal energy to 
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surmount the high barriers. Therefore, it can be said that the obtained values of ФBo 

are not mean BHs, they are apparent BHs (Фap.) for each temperature. In other 

words, at low temperatures the possible CTMs is more complicate and considerably 

different from high temperatures. Because, at low temperatures, the BH is lowered 

due to the patches or pinch-off around the mean value of BH between metal and 

semiconductor (Moraki et  al., 2012; Alialy et al., 2015; Güçlü et al., 2016). 

 

 

Figure 4.11. The semi-logarithmic I-V characteristics of the Au/(Zn-PVA) /n-4H-SiC 

(MPS) structure at various temperatures. 

 

Table 4.3. The experimental values of Io, n and ФBo obtained from the forward bias I-

V data for the LBR and MBR for the Au/(Zn-PVA)/n-4H-SiC (MPS) 

structures at various temperature.  

 

LBR (Low Bias Region) MBR (Moderate Bias Region) 

T (K) I0 (A) n 
ФB0 

(eV) 
T (K) I0 (A) n 

ФB0 

(eV) 

100 7.70x10-9 10.99 0.24 100 2.25x10-9 13.31 0.252 

120 7.00x10-9 8.55 0.29 120 3.75x10-9 11.25 0.301 

140 1.00x10-9 7.40 0.34 140 8.30x10-9 9.74 0.346 

160 1.80x10-9 6.039 0.40 160 9.20x10-9 8.45 0.397 

180 2.30x10-9 4.529 0.47 180 1.52x10-8 7.45 0.443 

200 3.0x10-9 3.99 0.52 200 2.09x10-8 6.73 0.490 

220 3.05x10-9 3.63 0.57 220 3.42x10-8 6.18 0.533 

240 3.10x10-9 3.42 0.63 240 3.50x10-8 5.70 0.585 

260 3.50x10-9 3.29 0.69 260 4.39x10-8 5.09 0.632 

280 5.00x10-9 3.27 0.74 280 5.85x10-8 4.63 0.678 

300 7.21x10-9 3.24 0.77 300 7.06x10-8 4.34 0.725 

320 1.68x10-8 3.08 0.83 320 9.89x10-8 4.15 0.767 
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Figure 4.12. The temperature dependence of n and ФBo of the Au/(Zn-PVA)/n-4H-

SiC  (MPS) structure for (a) LBR and (b) MBR region.  

 

The others main important characteristics of the Au/(Zn-PVA)/n-4H-SiC (MPS) 

structure are series and shunt resistances (Ri and Rsh) which considerably influence 

the forward and reverse bias I-V characteristics. In ideal case, Ri =0 while the value 

of Rsh is about 1012Ω. Therefore, in this study, the values of Ri and Rsh were 

calculated from Ohm’s Law (Ri=dVi/dIi) for selected five different temperatures. The 

voltage dependent resistivity (Ri) of the structure for each temperature is shown in 

Fig.5.  As shown in Fig. 5, at zero bias voltage, the value of Ri becomes almost 

constant for all taken temperatures that corresponds to the real value of Rsh. 

Similarly, at enough elevated forward bias voltage it also becomes almost constant 

for all taken temperatures, which is corresponding to the real value of Rs. 

Furthermore, Rs is effective at enough high forward bias regions, while Rsh is 

effective in the reverse bias region or near zero bias. Thus, the real values of Rs and 

Rsh for MPS structure were obtained as 27.40  0.21 kΩ at 100 K and 20.78 , 

0.202 kΩ at 320 K, respectively. The low value of Rs can be accomplished by rather 

having low SBH at metal-semiconductor contact  or by increase  tunneling through 

the BH by using dense doped semiconductor (≥1017 doping atoms per cm-3) 

(Nicollian  et  al.,  1982; Alialy et  al.,  2015,). Usually, the existence of Rs can arise 

from different sources which are the contacts at the back of semiconductor, the 

contact of the wire to the gate, the resistivity of the quasi-neutral bulk of 

semiconductor, impurities and random doping distribution in the semiconductor 

(Nicollian et al., 1982; Alialy et al., 2015). On the other hand, the existence of Rsh 

can originate from leakage current, leaky oxide channel along the interfacial layer 
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between rectifier and ohmic back contacts, or by the shunt resistance that calculated 

from the shunt resistance within measuring instrumentation itself. 

 

 
Figure 4.13. The Ri vs V plot for the Au/(Zn doped PVA)/n-4H-SiC (MPS) structure 

in the temperature range of (100-320 K) by 60 K steps.  

 

The decrease in n and increase in Bo with increases of temperatures may clear that 

the reason of adeviation from the TE theory may be due to the exisistance of the 

thermionic field emission (TFE) and field emission (FE) mechanisms (Crowell et al., 

1969; Nicollian et al.,   1982; Tung, 1992; Alialy et al., 2014). It is well known  that 

the  requirements of  FE and TFE mechanisms is the  change in the tunneling current 

parameter Eo (=nkT/q) as a function of temperature which explaind by using 

Equations(2.10),(2.11) and(2.12) (Padovani et al., 1966; Crowell et al., 1969; 

Sullivan et  al., 1991; Alialy et al., 2014).  

 

By using Equation (2.12), the theoretical value of Eoo was calculated as 16.66 meV 

for room temperature. On the other hand, TFE should be accurate when Eoo ≈ kT/q; 

the TE if Eoo << kT/q and The FE if Eoo >>kT/q .Thus, if the FE dominates, then the 

Eo must be a straight line and so it is independent of temperatures (Padovani et al., 

1966; Tung, 1992). In this case, Eo is equal to Eoo. Fig. 6 (a, b) shows Eoo (=nkT/q) 

vs kT/q plot  of the Au/(Zn doped PVA)/n-4H-SiC (MPS) structure in the 

temperature domain of 100-320 K at LBR and MBR, respectively. From these 

figures the values of Eo were obtained 89.5 meV at LBR and 118.6 meV at MBR. 

These two values are higher than the theoretical values of Eoo (16.66 meV). These 

experimental values Eoo show that both the TFE and FE theories are possible CTMs 

especially at low temperatures.  
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Figure 4.14. (a) Experimental and (b) theoretical nkT/q vs tunneling current 

parameter kT/q for Au/(Zn-doped PVA)/n-4H-SiC structure for (a) 

LBR and (b). MBR, respectively. 

 

It is difficult to clarify such behavior of higher values of n especially due to low 

temperatures and positive temperature coefficient in BH by only TFE and FE 

theories. Therefore, we tried to clarify this non-ideal behavior of the forward-bias I-V 

characteristics in Au/(Zn-doped PVA/n-4H-SiC structure according to the basis of a 

TE mechanism with a Gaussian distribution (GD) of the BHs (Rhoderick ,1978; 

Song et  al., 1986; Werner et  al., 1991; Schmitsdrof et  al., 1997; Mönch, 1999; 

Tung, 2001; Reddy et  al.,2014). Usually, there are three basic reasons for the GD of 

BH which is Bo vs n, bo vs q/2kT and (n-1-1) vs q/2kT plots. For this purpose, 

these figures were drawn to obtain an evident GD of the BHs and they represented in 

Figs. 4.15(a, b), 4.16(a, b) and 4.17(a, b) for both LBR and MBR, respectively.  

 

   

Figure 4.15. Plot of the ФB0 vs n for Au/(Zn-doped PVA)/n-4H-SiC (MPS) structure 

for (a) LBR and (b) MBR, respectively. 
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Figure 4.16. Plot of the ФB0 vs q/2kT for Au/(Zn-doped PVA)/n-4H-SiC  

(MPS) structure for (a) LBR and (b) MBR, respectively. 

 

Mönch and coworkers (Schmitsdrof et al., 1997; Mönch, 1999) applied Tung’s 

theoretical approach and they found a correlation between ФBo and n which 

confirmed the existence of lateral inhomogeneities of the BHs at M/S interface. 

Furthermore, they found that the ФBo vs n plot to n=1 has should be given a 

homogeneous BH. As can clearly be seen in Fig. 4.15 (a,b), ФBo vs n plots for both 

LBR and HBR have two distinguished linear region with two slopes between (100-

200 K) and (220-320 K) which are called low- and high- temperature domain (LTR 

and HTR), respectively. Such behavior of ФBo vs n plots n can be clarified by the 

lateral inhomogeneities of the BHs. The extrapolation of the results of ФB0 vs n plot 

Fig. 4.15(a) in LBR, for n=1 have given the values of 0.615 eV (at LTR) and 1.638 

eV (at HTR), respectively. In the same way, these values for MBR were calculated as 

0.673 eV and 1.087 eV, respectively. The experimental results offer the decrease in 

ФBo and increase in n are perhaps caused by the BH inhomogeneities at M/S 

interface. According to the model recommended by Werner and Güttler (Werner et 

al., 1991), the total current for any forward bias V can be calculated by using 

Equations (2.17),(2.19) 

 

Thus, the GD of the BH with a mean BH (𝛷̅Bo) and standard deviation ( can be 

calculated by using Equation (2.21).The other observed variation in the n as a 

function of temperature in the model can be obtained from Equation (2.22). 
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The values 𝛷̅Bo and  can be calculated from the interception point of the ΦB0 axis 

and slope of vs q/2kT plot respectively .As seen in Fig. 4.16 (a, b), the Φap vs q/2kT 

plot for both LBR and MBR has also obvious two linear regions at LTR and HTR. 

Thus the intercept and slope of these linear regimes for LBR have been two sets of 

values of ФBo and σo as 0.0719 eV and 0.0086 V in the LTR, and as 1.27 eV and 

0.024 V in the HTR, respectively. These values for MBR were calculated as 0.663 

eV and 0.0073 V in the LTR, and as 1.262 eV and 0.025 V in the HTR, respectively. 

By using Equations (2.21) and (2.22), it is prospective that the adjusted value of 𝛷̅Bo 

and σo depend on applied bias voltage linearly by the equations B=𝛷̅Bo+2V and 

=3V. In general, the value of σo is temperature independent value, therefore it 

can be neglected. In order to calculate the voltage deformation coefficients ρ2 and 

larger, (nap
-1-1) vs q/2kT plots for LBR and MBR were drawn and given in the Fig. 

4.17 (a) and (b), respectively. As shown in Fig. 4.17 (a, b), the (nap
-1-1) vs q/2kT plot 

must also have different characteristics in the two temperature ranges due to   

containing the diode of two BH distributions. The values of 2 and 3 are calculated 

from the intercepts and slope of the experimental (nap
-1-1) vs q/2kT plots both for 

LBR and MBR. Thus, for the LBR these values are found as -0.0054 V, -0.6175 V at 

LTR and as -0.0052 V, -0.5845 V at HTR, respectively. Similarly, for the MBR these 

values are found as -0.0025 V, -0.7866 V at LTR and as -0.0101 V, -0.5766 V at 

HTR, respectively.  

 

    

 
Figure 4.17. Plot of the n-1-1vs q/2kT for Au/(Zn-doped PVA)/n-4H-SiC (MPS)  

 structure for (a)  LBR and (b) MBR, respectively. 
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especially at low temperatures. Right  now, the classical Richardson/Arrhenius plot 

can be adjusted by uaing Equation (2.23). 

 

The adjusted Richardson plots for LBR and MBR were shown in Fig.4.18 (a, b), 

respectively. As seen in these figures, these plots have two good linear lines with two 

slopes in the temperature domian of 100-320 K. These two regions are corresponding 

to LTR (100-200 K) and HTR (220-320 K), respectively.  

 

 
 

 
 

Figure 4.18. The adjusted Richardson plots of the Au/(Zn-doped PVA)/n-4H-SiC 
(MPS) structure for (a) LBR and (b) MBR, respectively. 
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LTR and 1.304 eV, 97.33 A.cm-2K-2 at HTR,  respectively. Similarly, for MBR these 

values were found as 0.687 eV, 144.97 A.cm-2K-2 at LTR and 1.165 eV, 122.11 

A.cm-2K-2 at HTR, respectively. the plots figures from 7 to 10 show a good two 

distinguished linear regions with two slopes behavior in the both LBR and MBR 

regions, respectively, which is evidence the presence of double GD of BHs of the 

Au/(Zn-doped PVA)/n-4H-SiC (MPS) structure. The obtained experimental values of 

𝛷̅Bo from figures 4.15, 4.16 and 4.18 are consistent with each other for both the LBR 

and MBR. In addition, at HTR the mean value of BH is higher than when compared 

with those in LTR. These experimental results affirmed that the temperature 

dependent of the forward bias I-V characteristics of the manufactured  Au/(Zn-doped 

PVA)/n-4H-SiC (MPS) structure can be successfully clarified on the basis of TE 

mechanism with a GD of BHs. 

 

4.3. Dielectric Characteristics of Metal-Polymer-Semiconductor (MPS) 

Structure at wide Temperature Domain 

 

4.3.1. Voltage and temperature dependence of capacitance and conductance at 1 

MHz 

 

From C–V and G/ω–V measurements, the main electric and dielectric properties of 

MPS structure were obtained at wide voltage and temperature ranges ,to give us all 

detalled information about these properties (Symth, 1955; Nicollian et al., 1965; 

Nicollian et al., 1967; Nicollian et al., 1982; Kar et al., 1982; Jonscher et al., 1988; 

Cheng, 1989; Wu et al., 1990; Penin, 1996; Akkal et al., 2000; Awadhia et al.,   

2006; Demirezen et al., 2013; Çetinkaya et al., 2015; Hemalatha et al., 2015; 

Chatterjee  et al., 2016). C-V-T is shown in Fig. 4.19, while Fig.4.20 shows G/ω–V-T 

for MPS structure at high frequency (1 MHz), respectively. 

 

Fig.4.19, shows the measured values of C were quite sensetive to applied bias 

voltage and temperature especially in the depletion region. As seen in Fig. 4.19 C–V-

T plot has three regimes of accumulation–depletion–inversion region. Also, C–V-T 

plots especially at low temperature region (100K) show a higher peak in the 

depletion region than the other temperature curves and its position at about 2V, due 

to their structure and reordering charges at traps under temperature and applied 
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voltage. The existence of the capacitance peak in the forward bias C–V-T plot is 

obtained by a number of practical searches on MIS and MOS structures (Nicollian et 

al., 1982; Karatas et al., 2011; Barış, 2013; Yucedağ et al., 2014; Kalandrgh et al., 

2014; Hoque et al., 2014; Elfaleh et al., 2015). Furthermore, C–V–T peaks can be 

explained in term of the existence of Rs, inhomogeneities of the modified PVA 

interfacial layer doped by Zn nanoparticles. C-V-T plot shows rise in capacitance 

value until ~ 3V and then a decrease with increasing voltage for all temperatures, 

then the capacitance curves cross the voltage axis at a certain point and take negative 

values. Such behavior of capacitance at strong accumulation region is known 

negative capacitance (NC) or inductive behavior (Symth, 1955; Demirezen, 2013; 

Chatterjee et al., 2016). Penin structures has been considered as theoretical details of 

NC phenomena in homogeneous (barrier-free) semiconductor and it can appear for 

inertial conductivity (i.e. current retardation phase behind voltage phase) and 

conduction current is higher than the reactive component of the displacement current. 

The physical mechanisms of NC are depending on many parameters such as contact 

injection, interface state, minority carrier injection effects and applied voltage, ects. 

 

 
 

Figure 4.19. The C–V-T characteristics of the Au/ modified PVA interfacial layer 

doped by Zn nanoparticles / n-4H-SiC (MPS) structure. 
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Figure 4.20. G/ω–V-T characteristics of the Au/ modified PVA interfacial layer  

 doped by Zn nanoparticles / n-4H-SiC (MPS) structure. 

 

G/ω–V-T curve in Fig.4.20 shows an increasing of conductance with the rising 

forward bias voltage. As seen in Fig. 4.20 the value of conductance increase with 

increasing voltage at high applied forward bias voltage V≥ 2V. Furthermore, the 

capacitance value decreases with increasing temperature due to forming of interfacial 

charge that can be effective at high temperature. At enough high bias voltage, C and 

G values are perfectly sensitive to temperatures (Kar et al., 1982; Nicollian et al.,   

1982).The presences of interface states at the M/S interface acts as recombination 

centers and produce a dispersal in capacitance. At low frequencies the interface traps 

can be caused by the ac signal and then yield an additional capacitance value, 

depends on the temperature and frequency. While at high frequency about (1MHz) 

the carrier life time τ is much higher than (1/2πf), the interface states cannot follow 

the ac signal, then the interface state capacitance can be neglected. Therefore, at high 

frequency the temperature become more effective on C–V-T and G/ω–V-T 

measurements (Mattsson et al., 1999; Akkal et al., 2000).The real value of Ri of the 

MPS structure are biased into strong accumulation  which can be calculated from C–

V-T and G/ω–V-T measurements at high enough frequency (1MHz) by using 

impedance or admittance methods as in Equation (2.39) (Symth,1955; Cheng, 1989; 

Wu et al., 1990; Çetinkaya et al, 2015).Then Rs value were calculated from the use of 

any measured Cm and Gm values by using Equation (4.11) for each temperature at 

wide applied bias voltage (-2V) to (+6V) interval as shown in Fig. 4.21. It is clear 

that Rs is sensitive to applied bias voltage and temperature.Fig.4.21 shows that the 

series resistance Rs values show increasing with increasing temperature and give a 
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peak value at high applied bias voltage about (+3V)  for all temperatures . It means 

that at high temperature the trap charges will have enough energy to leave the traps 

locating between M/S interface in SiC band gap. Furthermore, Rs values are 

independent of temperature at low applied bias voltage ≤1V. 

 

 
 

Figure 4.21. Rs-V-T plot of Au/ modified PVA interfacial layer doped by Zn 

nanoparticles / n-4H-SiC (MPS) structure at wide temperature range 

(100-300K). 

 

4.3.2. Temperature dependence of dielectric parameters and Ac conductivity at 
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Equation (2.41) (Symth, 1955; Penin, 1996; Jonscher et al., 1988; Cheng, 1989; Wu 

et al., 1990; Shekar et al., 1999; Awadhia et al., 2006; Çetinkaya et al., 2015; 

Hemalatha et al., 2015; Asar et al., 2015; Kaya et al., 2016; Chatterjee et al., 2016). 
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the value of ɛ" almost remain in the same value at range (100–230 K) then increase 

exponentially as increasing temperature at range (230–300 K).In other word, 

disorders occurred when the temperature rise in the lattice, this will cause a rise in 

the mobility of the majority carriers. Also the effect of temperature on the loss 

tangent (tanδ) for the structure  at 0.5V is shown in Fig.4.24 in which the values of 

tanδ  have almost  constant value  at low temperature range (100-230K) then increase 

with increasing temperature at (230-300K) (Saghrouni et  al., 2014). In general, at 

high temperatures higher than 230 K, ε″ and tanδ show an exponential increase with 

increasing temperature. It perhaps belongs to polarization of the space–charge which 

are caused by impurities or interstitials modified PVA interfacial layer doped by Zn 

nanoparticles interface. Moreover, some charge carriers are trapped in some kinds of 

semiconductors, causing a polarization. The rise in temperature creates an expansion 

of molecules that lead to some increasing  in the electronic polarization, as a result 

the amount of charge carriers at interfacial layer rises and submis more space– 

charge polarization and leads to a rise in the ɛ' and ɛ"   values of the dielectric 

materials (Symth, 1955; Penin, 1996; Jonscher et al., 1988; Cheng, 1989; Wu et al., 

1990; Shekar et  al., 1999; Awadhia et al., 2006; Çetinkaya  et al., 2015; Hemalatha 

et al., 2015; Asar ,et al., 2015 ; Kaya  et al., 2016 ; Chatterjee  et al., 2016; Güçlü  et 

al., 2016).  

 

 

 

Figure 4.22. The effect of Temperature on dielectric constant Au/ modified PVA 

interfacial layer doped by Zn nanoparticles / n-4H-SiC (MPS) structure 

at 0.5V. 
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Figure 4.23. The effect  of Temperature on dielectric loss of Au/ modified PVA 

interfacial layer doped by Zn nanoparticles / n-4H-SiC (MPS)  

structure at 0.5V. 
 

The ac electrical conductivity σac of Au/ modified PVA interfacial layer doped by Zn 

nanoparticles / n-4H-SiC (MPS)  structure  was calculated using by the following 

equation (Jonscher et al.,   1988) 

 

𝜎𝑎𝑐 = 𝜔𝐶 tan 𝛿 (
𝑑

𝐴
) = ɛₒ𝜔ɛ

"                                                                                (4.15) 

 

This suggests that the way of dielectric polarization in MPS structure happen by a 

same mechanism of conduction. It is obvious that σac values rise with raising 

temperature because of the impurities or dislocations that remain at the grain 

boundaries. Same results have been obtained in the literature (Nicollian et al., 1965; 

Kar et al., 1982; Eroğlu et al., 2012). 

 

 
Figure 4.24. The variation of the tangent loss (tan δ) versus temperature of Au/ 

modified PVA interfacial layer doped by Zn nanoparticles / n-4H-SiC 

(MPS) structure at 0.5V. 
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Figure 4.25. The temperature dependence of the ac electrical conductivity of Au/ 

modified PVA interfacial layer doped by Zn nanoparticles / n-4H-SiC 

(MPS) structure at 0.5V. 

 

 The formalism of electric modulus was used to eliminates the effect of electrode 

polarization and carrier charges transportation that lead to inaccurate (high values) of 

permittivity and conductivity especially at high temperatures. In other word, when 

the reciprocal complex permittivity was explained as an electrical analogue to the 

mechanical shear modulus (Jonscher et al., 1988; Wu et al., 1990). The physical 

opinion of the electrical modulus represents the electric field relaxation in the 

material when the electric displacement stays constant. Therefore, the modulus has 

unique advantage in the interpretation of slow relaxation phenomena processes such 

as MWS relaxation (Jonscher et al., 1988; Penin, 1996). For these reasons ,many 

searchers prefer to use the formalized electric modulus M*  as real dielectric 

relaxation  process of the electric field in the materials that have  constant electric 

displacement (Symth, 1955; Çetinkaya  et al., 2015). The real component M' and the 

imaginary component M″ are measured by using ε’ and ε″ data and Equation (2.52) 

(Symth, 1955; Çetinkaya  et al., 2015;Chatterjee et al., 2016 ). 

 

where M' and M″ are calculated for each temperature as seen in Fig. 4.26(a) and (b), 

respectively. Fig. 4.26(a) and (b) show that both M' and M" are strong temperature 

dependence especially in depleletion region. In M'-T plot, the values of M' inversely 

proportinal to the temperature. In other word, when temperature increase the value of 

M' decrease. In M"-T plot, M" values decrease with increasing temperature at low 

temperature range(100-230K) then increase in the range  (230-300K)  due to the 

contribution to interface trap charges.  This attitude of M'-T and M"-T plots can be 
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explained by the dielectric relaxation mechanism sensitivity to temperature instead of 

applied bias voltage. In other word, the conduction mechanism is different due to the 

change in temperature.  (Symth,1955; Cheng, 1989; Akkal et al., 2000; Demirezen, 

2013; Çetinkaya  et al., 2015; Chatterjee  et al., 2016).  

 

 

Figure 4.26. The (a)real part(M') and(b)imaginary part (M″) of the complex modulus 

versus temperature of Au/ modified PVA interfacial layer doped by Zn 

nanoparticles / n-4H-SiC (MPS)  structure at 0.5V. 
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5. CONCLUSION  

 

The research conducted in this thesis is primarily concerned with preparing and 

investigating the interfacial (Zn-doped PVA) layer effect on the electrical and 

dielectric characteristics. The research can be divided into three parts: (1) preparing 

the samples. (2) studying the effect of Zn doped PVA interfacial layer on the 

electrical characteristics in Au/n-4H SiC (MS) structures at high and low 

frequencies(1KHz and 1MHz) at room temperature.(3) studying the electric and 

dielectric properties and current transport mechanism of the structure at wide 

temperature and voltage ranges. First of all, Au/n-4H SiC (MS) and Au/ (Zn-doped 

PVA)/n-4H SiC (MPS) structures have been prepared and investigated. After that 

their main electrical parameters are obtained from I-V, C-V and G/-V characteristics 

at room temperature to compare of them. The main electrical parameters of these 

structures were obtained and show a considerably dependent on voltage as well as 

interfacial layer. From the reverse bias C-V data plot, the value of BH was obtained 

and shows a higher as compare with the value of BH that obtained from the forward 

bias I-V data for the two structures due to the nature of the measurement technique 

used. The obtained high values of n for two structures were attributed to the 

existence of the native and doped interfacial layer, lower barriers or patches around 

the mean value of BH and the existence of Nss at interfacial layer/n-4H SiC interface. 

The energy density distribution profile of Nss was obtained by using the forward bias 

I-V data by taking into account the voltage dependent BH and n for these two 

structures. The values of Nss increase exponential from the mid-gap of n-4H SiC 

toward the bottom of its Ec. On the other hand, the voltage dependent profile of Rs 

for these structures was obtained from the C-V and G/-V data by using Nicollian 

and Brews method. These obtained experimental results confirmed that the existting 

of Nss, Rs, and the interfacial layer are very effective on the electrical characteristics 

of the MS and MPS structures. In conclusion, when the main electrical parameters of 

MS and MPS structure are compared; the values of n, leakage current, Rs, Bo and 

Nss for MPS structure are lower than those of the MS structure, but the values of Rsh 

and RR for MPS structure are higher than those of the MS structure due to the 

passivity role of Zn-PVA interfacial polymer layer. As a result, we can say that the 

(Zn doped-PVA) polymer material can be used as interfacial layer instead of 
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conventional SiO2 insulator layer to ameliorate the quality or performance of MS 

structure.   

 

CTMs at room temperature cannot give all information about all dominant CTMs. 

Therefore, For the Au/(Zn-doped PVA)/n-4H-SiC (MPS) structures, the forward bias 

I-V characteristics of them were performed in the temperature range of 100-320 K by 

the steps of 20 K in order to obtain more information on the CTMs of the structure . 

The semi-logarithmic forward bias I-V curve has two distinct linear regions with 

different temperature for each temperature which are corresponding to LBR and 

MBR, respectively. While the values of n and ФB0 are changed from 10.99 and 0.240 

eV (at 100 K) to 3.08 and 0.0.830 eV (at 320 K) in the LBR, they changed from 

13.31 and 0.252 eV (at 100 K) to 4.15 and 0.767 eV (at 320 K) in the MBR, 

respectively. The values of (n.T) or n.(kT/q) especially at MBR are found almost 

constant at each temperature, and so it shows that the FE theory is possible 

conduction mechanism rather than the TE and TFE theories. On the other hand, the 

obtained higher values of n even at room temperatures cannot be explained by only 

FE theory. Therefore, ФB0 vs n, ФB0 vs q/2kT and (n-1-1) vs q/2kT plots were drawn 

to get evidence to the GD of BH. All these plots show also two distinct linear regions 

with different slopes which are corresponding to LTR (100-200 K) and HTR (220-

320 K), respectively. Therefore, the conventional Richardson plots were also drawn 

for both the LBR and MBR and they show two linear regions which confirm the 

presence of double GD of BHs of the Au/(Zn-doped PVA)/n-4H-SiC (MPS) 

structure both in LBR and MBR, respectively. The values of 𝛷̅bo and A* for LBR 

were obtained from slope and intercept of these plots as 0.730 eV, 114.12 A.cm-2K-2 

at LTR and 1.304 eV, 97.33 A.cm-2K-2 at HTR,  respectively. Similarly, for MBR, 

these values were found as 0.687 eV, 144.97 A.cm-2K-2 at LTR and 1.165 eV, 122.11 

A.cm-2K-2 at HTR, respectively. It is clear that the obtained experimental values of 

A* especially at low and moderate temperatures approaches to its theoretical value of 

146 A.cm-2K-2 for n-4H-SiC. All experimental results confirmed that the I-V-T 

characteristics of the fabricated Au/(Zn-doped PVA)/n-4H-SiC (MPS) structure can 

be successfully explained on the basis of TE mechanism with a GD of BHs. 

 

Furthermore, the effect of temperature and voltage on dielectric properties and ac 

conductivity of Au/Zn-doped PVA / n-4H-SiC (MPS) structure using impedance 
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spectroscopy method in the wide temperature range (100–300 K) and at a constant 

frequency (1 MHz) have been  investigated. It was shown that the dielectric 

properties of the C–V and G/ω–V characteristics of Au/Zn-doped PVA / n-4H-SiC 

(MPS) structure were found to be strongly dependent temperature and voltage. Also, 

the series resistance plot gives a peak, increasing with increasing temperature. It has 

been shown that the Ri strongly depends on voltage and temperature, and rapidly 

increases with increasing of high forward bias voltage V≥ 5V, and C–V and G/ω–V 

characteristics confirm that the series resistance is important parameters that strongly 

influence the dielectric properties in Au/Zn-doped PVA / n-4H-SiC (MPS) structure. 

In addition, we can conclude that the real and imaginary parts of dielectric constant 

ɛ'; ε″, electric modulus (M' and M″), loss tangent (tanδ), and σac values were found to 

be strongly dependent on temperature and applied bias voltage especially in the 

depletion region. In addition, the electric modulus provides a good description of the 

dielectric relaxation. The representation of the dielectric properties in terms of the 

electric modulus is very sensitive and constitutes the features of relaxation peaks. 

Such occurred behavior of these plots certain of two different conduction 

mechanisms which attributed to the low and high temperature parts. All of these 

results confirmed that Ri, and Zn-doped PVA interfacial layer are very important 

parameters that strongly effect on  electric and dielectric properties.  
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