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Abstract 

Devices for operation in aerospace, manufacturing industries, defence and radiation-

harsh environments need to be manufactured from materials that are resistant to the 

frequent damage caused by irradiation and high-temperature environments. Silicon 

carbide (SiC) is a wide-bandgap semiconductor material that promises to provide 

solutions to these problems based on its capability to operate under extreme conditions 

of temperature and radiation. These conditions introduce defects in the materials. Such 

defects play an important role in determining the properties of devices, albeit beneficial 

or detrimental. Therefore it is very important to characterize the defects present in as-

grown material as well as defects introduced during processing and irradiation. 

In this research, resistive evaporation (RE) as well as electron-beam deposition was 

employed for the fabrication of ohmic and Schottky barrier contacts on nitrogen-doped, 

n-type 4H-SiC substrate. The quality of the Schottky barrier diodes (SBDs) deposited 

was confirmed by current-voltage (I-V) and capacitance-voltage (C-V) measurements. 

Deep level transient spectroscopy (DLTS) and high-resolution Laplace DLTS were 

successfully used to characterize the electrically active defects present in the 4H-SiC 

SBDs before and after bombarding them with high-energy electrons and alpha-particles 

as well as after exposing the sample to electron beam deposition conditions. 
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I-V and C-V measurements showed that the SBDs deposited by RE were of good quality 

with an ideality factor close to unity, a low series resistance and low reverse leakage 

current. After irradiation, the electrical properties deviated significantly based on the 

irradiation types and fluences. Thermionic emission dominated at high temperatures 

close to room temperature, while other current transport mechanisms became 

dominant at lower temperatures. The ideality factor increased and Schottky barrier 

heights decreased with decreasing temperature, which has been attributed to barrier 

inhomogeneities at the metal–4H-SiC interface. Irradiation by high-energy particles had 

no effect on mean barrier height, but influenced the modified Richardson constant of the 

devices. 

Results obtained from the DLTS and LDLTS measurements revealed the presence of 

four electrically active deep levels in the as-grown 4H-SiC, and the presence of two and 

three extra defects after bombardment with alpha-particle and high-energy electron 

(HEE) irradiation, respectively. The irradiation by both alpha-particle and HEE caused 

an increase in concentration of electrically active defects attributed to nitrogen 

impurities as well as the Z1/Z2 intrinsic defect attributed to the carbon vacancy. 

However, the structure of two of the defects observed with energies EC – 0.22 and EC – 

0.76 eV were unknown. 

Electron-beam deposition as well as exposure to electron-beam deposition conditions 

introduced two additional electrically active defects in 4H-SiC These two defects were 

close to the metal-semiconductor junction, but the process did not cause any noticeable 

increase in the concentration of defects previously observed in the as-grown 4H-SiC 

SBDs deposited by resistive evaporation technique. These electrically active defects 

with energies EC – 0.42 and EC – ~0.70 eV were probably caused by the product of 

elastic collisions between 10 keV electrons and residual vacuum gases which were 

ionized around the filament and accelerated by the electric field towards the substrate. 
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Chapter 1 

Introduction 

In 1824 the existence of the silicon-carbon chemical bond was suggested and 

synthesized first by J. J. Berzelius [1]. Berzelius discovered this outstanding 

semiconductor material when he was trying to synthesize diamonds. E. G. Acheson 

discovered a commercial process of manufacturing large quantities of silicon carbide 

(SiC) which was patented in 1893 [2], and named this new material, consisting of dark 

SiC crystals, carborundum [3]. Naturally occurring SiC is very rare and was first 

discovered by Henri Moissan in 1905, who found small hexagonal platelets in a 

meteorite [4]. This mineral is named Moissanite, and this has become the name of 

commercial gemstones made from SiC. Because of SiC’s extraordinary abrasive 

properties, the material was marketed mainly for cutting and grinding purposes; though 

the quality of the SiC was low in hardness when compared to diamond. Various growth 

methods have been employed in synthesizing SiC in large and high-quality crystals. In 

1950s, research in solid-state electronic devices started and SiC was one of the 

semiconductors investigated. A technique to grow high-quality single crystal SiC was 

developed by Lely in 1955, but  the production of large-area single crystal was prone to 

defects [5]. Since then, many techniques have been implemented to grow high-quality 

SiC. Among the growth techniques are physical vapour transport and chemical vapour 

deposition. 

1.1 Motivation 

The challenge that still has to be addressed in the production of semiconductor material 

is how to grow defect-free semiconductor crystals. Introduction of defects in the 

semiconductor lattice may occur during processing steps including semiconductor 

growth, particle irradiation, plasma etching and metallization. The presence of defects 

influences the substrate’s properties and thereby modifies the performance of the 

devices fabricated on the substrate. These defects may have a detrimental effect on the 

performance of semiconductor devices such as in solar-cell applications, where they act 

as efficient recombination centres and affect the carrier lifetime [6]. On the other hand, 
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these defects may also enhance the performance of semiconductor devices such as fast-

switching power devices [7, 8]. 

Wide bandgap semiconductors such as SiC, zinc oxide (ZnO) and gallium nitride (GaN) 

have received attention as outstanding device materials that are capable of operating at 

high-voltage, frequency and temperature. Wide bandgap semiconductors, which allow 

high-power electrical devices to be built are relatively cheap and more energy-efficient 

compared to conventional semiconductor materials. Among all the wide bandgap 

semiconductors, GaN provides better high frequency and high-voltage performance, but 

lack of good quality bulk substrates needed for power devices and lower thermal 

conductivity are a disadvantage. SiC overcomes both these shortcomings. Consequently, 

SiC is often seen as the best wide bandgap semiconductor for high- voltage devices. High 

quality SiC power devices grown on good quality substrates with high thermal 

conductivity have been manufactured and sold commercially [9]. SiC has displayed the 

capability to operate under extreme conditions of temperature and radiation [10, 11]. 

SiC-based electronics can be used in low-noise capacity and optoelectronic operation. In 

addition, the advantages of SiC devices in the area of cost cannot be overemphasized. 

The cost has dropped over the decades and the outstanding performance has proven 

itself superior to Si and GaAs devices. SiC is a key material for next-generation 

photonics, and has the ability to outperform current Si power devices [12, 13]. Among 

the SiC polytypes, 4H-SiC is the most promising polytype for vertical type high-voltage 

devices due to its higher bulk mobility and smaller anisotropy [14]. 

Furthermore, it is worth considering that the understanding of how defects affect the 

performance of devices is the basis for fabricating improved 4H-SiC devices. Although 

many impressive findings have been reported, characterization of defects induced by 

processing and irradiation of 4H-SiC Schottky barrier-diodes (SBDs) is still a very active 

field of study and many aspects of defects in SiC are not yet well understood. 

Defects in semiconductors have been characterized by different techniques, such as 

positron annihilation spectroscopy, admittance spectroscopy, cathodoluminescence, 

photoluminescence, Hall effect, Rutherford backscattering spectroscopy, X-ray 

diffraction, scanning electron microscopy and deep-level transient spectroscopy. In this 

study, deep-level transient spectroscopy was employed. 
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Deep-level transient spectroscopy (DLTS) is a powerful electrical technique that 

provides details about the signature (the activation energy and capture cross-section) of 

an electrically active defect with one or more levels in the bandgap of a semiconductor. 

DLTS can characterize defects using different kinds of space-charge based devices such 

as Schottky barrier diodes, p-n junctions and metal oxide semiconductor structures [15, 

16]. The invention of high-resolution Laplace DLTS increased the utility of this 

technique significantly. Laplace DLTS makes separation of the closely spaced energy 

levels that appear as single broad defect in conventional DLTS possible [17, 18]. 

1.2 Aims and objectives  

The aims and objectives of this research are as follows: 

 To fabricate high quality ohmic and Schottky contacts on 4H-SiC by employing 

the best cleaning methods and optimizing the metal deposition technique. 

 To characterize the electrically active defects present in Schottky barrier diodes 

manufactured on as-grown 4H-SiC. 

 To fabricate contact systems for operation at extreme temperature and in 

radiation harsh environments, such as aerospace, nuclear and satellite 

applications. 

 To investigate the radiation response of 4H-SiC devices at different fluences. 

 To determine the effect of irradiating n-type 4H-SiC devices at high fluence and 

investigate the annealing of the induced electrically active defects. 

 To ascertain if process induces defects in SiC, a wide bandgap and radiation hard 

material. 

1.3 Thesis layout 

This thesis is divided into five (5) chapters: 

Chapter 1 is an introduction that contains the motivations, aims and objectives as well 

as the outline of the thesis. 
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Chapter 2 presents the theoretical background of semiconductors with special reference 

to SiC, on which this study is based. The chapter briefly describes Schottky contacts, 

defects in 4H-SiC and characterization of defects by convectional DLTS and high-

resolution Laplace DLTS. 

Chapter 3 describes the experimental techniques employed to fabricate Schottky and 

ohmic contacts. The introduction of deep-level defects by high-energy particles and 

electron-beam deposition will also be discussed. 

Chapter 4 presents and discusses the results obtained during the course of this study. 

Most of the results have been published in peer reviewed journals. The results are 

summarised in a number of sections, with references to the full papers for detail. The 

relevant papers are included at the end of Chapter 4. 

Chapter 5 summarizes the conclusions drawn from the study and proposes further 

research to be performed. 
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Chapter 2 

Theoretical aspects 

2.1 Introduction 

Theoretical aspects of semiconductor, with particular reference to SiC, are presented in 

this chapter.  

Section 2.2 briefly presents the crystal structure of SiC as a binary semiconductor with 

chemical formula of SiC. This section also describes SiC as an indirect wide bandgap 

semiconductor that varies from 2.36 to 3.26 eV at room temperature, depending on the 

polytypes. 

Properties and applications as well as crystal growth techniques of SiC are presented in 

Sections 2.3 and 2.4. The application of SiC for high temperature, high frequency, high 

saturation carrier velocity, high mechanical strength and high power device 

applications are due to its high critical field for breakdown, high thermal conductivity 

and large bandgap properties. 

In Section 2.5, the importance and the influence of Schottky contacts in the fabrication 

of semiconductor devices is briefly described. It is also clearly stated in this section that 

the reliability, the performance and the stability of devices depend on the contacts or 

interface properties for their optimum operations. 

The classification of states into shallow and deep-level defects according to their 

positions within the energy bandgap of SiC is briefly introduced in Section 2.6. The roles 

and the common types of point defects in SiC are also emphasized. 

Section 2.7 briefly describes the characterization of defects by the standard DLTS and 

high-resolution Laplace DLTS. Advantage of Laplace DLTS over the conventional DLTS 

in separating traps or states with similar emission rates is also described. 
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2.2 SiC crystal structure 

A crystal structure is formed when atoms are uniquely arranged in a crystal. In the case 

of SiC structure, an atom of carbon is tetrahedrally bonded to four neighbouring atoms 

of silicon that are placed in the corner and vice-versa as shown in Figure 2.1. The bond 

between silicon and carbon is very strong because of the short bond length and 

hybridization of sp3. The bond between them is nearly covalent with ~12% ionic 

bonding. There are about ~250 crystalline forms of SiC, however, only a small number 

of these are frequently observed [1]. The frequently observed structures are all close-

packed structures and show a 1-dimensional polymorphism called polytypism [2, 3]. The 

term polytypism is a special case of polymorphism that takes place when two 

polymorphs differ only in the stacking of identical, 2-dimensional sheets or layers [4]. 

The orientation sequences by which layers of tetrahedral are arranged are the only 

differences among the polytypes. The differences of the same chemical compound are 

identical in two but differ in the third dimensions. Therefore, they can be observed as 

layers arranged in a definite sequence [2, 5]. The most common SiC polytypes are 

grouped into four: the cubic (3C-SiC), the hexagonal (4H-SiC and 6H-SiC), the 

rhombohedral (15R-SiC) and Tetragonal (T). The different crystalline polytypes can be 

described by allocating a number corresponding to the number of layers in the unit cell 

followed by the crystal symmetry. For instance, in 4H-SiC and 6H-SiC, four and six 

different layers are repeated in the material and the structure is hexagonal. Figure 2.2 

shows the stacking sequence of the 2H-, 3C-, 4H- and 6H-SiC polytypes. 

The α- and the β-SiC are the most common polymorphs. The α-SiC occurred at 

temperature above 1700 ̊C, and has a crystal structure of hexagonal. It is mainly 2H-, 

4H-, and 6H-SiC which has Wurtzite structure. The 2H-SiC is purely hexagonal, while 

4H-SiC is 50% of hexagonal (and 50% cubic) and 6H-SiC is 33% hexagonal (and 67% 

cubic) [2, 6, 7].  

The β-SiC formed at temperature below 1700 ̊C, and has the zinc-blende crystal 

structure. The cubic 3C polytype is mainly referred to as β-SiC with structure similar to 

diamond. Also, the β-SiC is 100% cubic. The bonding between Si and C atoms in 

neighbouring bilayer plane is of cubic (zinc blend) or hexagonal (wurtzite) in nature. 

For more details about crystallography of SiC, the readers should consult ref. [8]. 
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Figure 2.1: The tetragonal bonding of a (i) silicon atom with the four nearest carbon 

neighbours, and (ii) carbon atom with the four nearest silicon neighbours. The distances a 

and C-Si are approximately 3.08 and 1.89 Å, respectively. 

 

Figure 2.2: Stacking sequence of the 2H-, 3C-, 4H- and 6H-SiC polytypes [9].  
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2.3 Properties and applications of SiC 

SiC is an indirect wide bandgap semiconductor material that is notable due to its high 

saturation carrier velocity, high mechanical strength, high electrical breakdown field 

and high thermal conductivity compared to conventional semiconductor materials such 

as Ge, Si and GaAs [10-12]. The physical properties of SiC polytypes are compared to 

conventional semiconductor materials in Table 2.1.  

The bandgap of SiC is approximately three times that of Si. Depending on the polytypes, 

its bandgap varies from 2.36 to 3.26 eV, as shown in Table 2.1. The wide bandgap means 

that electron is not easily thermally excited from the valence band to the conduction 

band. The number of electrons in the conduction band or the number of holes in valence 

band of an intrinsic semiconductor (a semiconductor without impurities or defects) is 

called the intrinsic carrier concentration. The number of electrons or holes present 

depends on the band gap and the temperature of the material. SiC has a very low 

intrinsic carrier concentration at ambient conditions compared to Si. This makes it 

possible to control conduction through the doping of impurities at higher temperatures. 

Its larger bandgap and low intrinsic carrier concentration, makes SiC an appropriate 

material for high temperature devices. This would include devices operating in harsh 

environments (e.g. automotive and aerospace applications) as well as high power 

devices that generate large amount of heat. SiC can withstand thermal temperature 

~1000°C compare to Si that can deteriorate at temperature ~250°C [13]. Also, the wide 

bandgap makes SiC suitable for the emission and detection of short wavelength light. 

SiC has a very high dielectric breakdown field strength that is ten times that of Si. 

Therefore devices made from SiC can perform without breakdown at larger power 

densities, again making the material ideal for high power applications. 
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Table 2.1: Comparison of properties of common SiC polytypes with various conventional 

semiconductors [10].  

 Eg  

(eV) 

ni  

(cm–3) 

Eb  

(MVcm–1) 

μe  

(cm2V–1s–1) 

μh  

(cm2V–1s–1) 

vs  

(cms–1) 

κ  

(Wcm–1K–1) 

4H-SiC 3.26 ≈10–7 2.0-3.0 720 120 2.0×107 3-5 

6H-SiC 3.02 ≈10–5 2.5 370 80 2.0×107 3-5 

3C-SiC 2.36 ≈10 >1.5 900 40 2.0×107 3-5 

Si 1.12 1010 0.6 1350 480 1.0×107 1.5 

GaAs 1.42 2×106 0.6 8500 400 2.0×107 0.5 

GaN 3.40 10–10 2-3 1000 30 2.5×107 1.3 

NOTE: Energy bandgap, Eg; intrinsic carrier concentration, ni; breakdown voltage, Eb; 

electron mobility, μe; hole mobility, μh ; saturation electron velocity, vs; and thermal 

conductivity, κ. 

2.4 SiC growth techniques 

Naturally, SiC occurs as the rare mineral moissanite. Industrially, SiC is available as a 

bulk crystal as well as an epitaxial crystal. Because of the high melting point of 

stoichiometric SiC (> 3200°C) [14], the common methods of growing bulk 

semiconductor crystals such as Czochralski, liquid-encapsulated Czochralski, Bridgman, 

and gradient freeze, cannot be used for the manufacture of SiC, however, the physical 

vapour transport process known as a modified Lely, and high temperature chemical 

vapour deposition may be used. 

2.4.1 Physical vapour transport 

This method allows a large variation in crystal quality, for uses ranging from abrasives 

to semiconductor wafers for electronic components. According to this method, solid SiC 

(referred to as the source) is placed at the bottom of a furnace, which is either 

evaculated or filled with argon or helium. The source is heated to high temperature 

(1600° ≤ t ≤ 2700°C) until vaporisation takes place. The vapour rises and migrates to 

cooler, upper portions of the furnace, where it comes into contact with a 

monocrystalline seed of SiC and is deposited thereby increasing the size of the crystal. 

The Acheson process, the Lely process, and the modified Lely process are techniques 
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considered versions of physical vapour transport method. More details on this section 

could be found in refs [14, 15]. 

2.4.2 High temperature chemical vapour deposition 

This is an alternative method of growing bulk SiC crystals. This method uses gas phase 

precursors instead of SiC powder in physical vapour transport method. The source 

materials are constantly served into the reactor. This method is free from problems 

associated with the use of closed systems (such as a lack of the source powder during 

productions). The production of high quality bulk SiC crystal is possible using this 

method, and that makes it a better substitute to physical vapour transport [16]. 

In addition, the uses of two sources, SiH4 for the Si source and CH4 or C3H8, for the C 

source are possible with this crystal growth method [16]. It is advantageous over the 

physical vapour transport because the stoichiometry of the deposits can be easily 

controlled. More details on this section could be found in refs [14, 16, 17]  

2.4.3 Chemical vapour deposition 

This method is used for growing thin crystalline layers right from the gas phase [18]. 

With this method, a mixture of source gases for Si (Silane is the common Si source) and 

C (a hydrocarbon is used for C), and a carrier gas (high purity H2) is injected into the 

growth chamber with substrate at temperatures greater than 1300˚C. The high purity 

H2 as a carrier gas is also acts as a co-reactant. Multi-source (conventional Si and C) and 

single-source precursors have been successfully used and reproducible chemical vapour 

deposition epitaxial films have been produced. The single-source precursor can be 

grown at temperature lower than 1100˚C. This process is used to manufacture high 

quality, high-performance, solid materials. More details on this section could be found 

in refs. [14, 19]. 

2.5 Metal-Semiconductor interface 

2.5.1 Introduction 

A metal-semiconductor (M-S) interface is a junction in which metal is in contact with 

semiconductor material. This junction can be rectifying (Schottky barrier) or non-

rectifying (ohmic contact) [20]. Schottky contacts can be used in device applications 

such as rectifiers, mixers, microwave receiver detectors and field effect transistors [21, 
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22]. The Schottky contacts can also be used to form a space charge region that can be 

used to investigate the semiconductor energy bandgap and measure the properties of 

the deep-level defects present at and below the M-S interface. The reliability, the 

performance and the stability of devices is highly dependent on the interface properties. 

The quality of the M-S junction is determined by the difference between the Fermi 

energies of the metal and semiconductor, the processing of the semiconductor before 

fabrication of the contact and the techniques used in the fabrication of devices [21, 23, 

24]. 

This section is very important and too broad to be discussed in detail in this thesis. 

More details can be found in refs [21, 25]. 

2.5.2 Schottky contacts 

Schottky contacts are metal-semiconductor contacts that can rectify signal device in 

forward bias and not allowing current to flow in reverse bias. The mechanism according 

to which a Schottky diode is formed for an ideal case (i.e. without surface effects, 

interface states and other anomalies) was described by Schottky [26], the barrier height 

between a metal (say Ni) and an n-type semiconductor (say 4H-SiC) is equal to 

difference between the work function of metal and the electron affinity of 

semiconductor [27-29], which can be written as Equation 2.1  

 𝜙𝑏 =  𝜙𝑚 − 𝜒 2.1 

As a typical example for Ni/n-type 4H-SiC, the barrier height, 𝜙𝑏 = 2.05 eV, the work 

function of Ni, 𝜙𝑚 = 5.15 eV, and the electron affinity of n-type 4H-SiC of orientation 

(0001), 𝜒 = 3.1 eV [30]. The principle of Schottky contact according to Schottky-Mott 

theory is shown schematically in Figure 2.3. In Figure 2.3a shows the metal and 

semiconductor isolated and electrically neutral with the 𝜙𝑚 > 𝜙𝑠. In Figure 2.3b, the 

metal is brought into thermodynamic contact with the semiconductor by means of a 

thin wire, electrons flow from semiconductor to metal due to the difference in work 

function. The flow of electrons from the semiconductor to the metal takes place until the 

thermal equilibrium occurs. At equilibrium, the Fermi level of the metal coincides with 

the Fermi level of semiconductor as shown in Figure 2.3b. Due to the redistribution of 

electrons, there is an accumulation of negative surface charges around the metal side 
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that is compensated by the positive charges in the semiconductor in the vicinity of the 

surface. Consequently, an electric field exists within the gap between the metal and the 

semiconductor. As stated by Rhoderick [25], the negative charge on metal’s surface 

consists of extra electrons confined within the Thomas-Fermi screening distance of 

approximately 0.5 Å. In n-type semiconductor, the positive charge will be provided by 

electrons withdrawing from the surface and leave uncompensated positive donor ions 

in an area depleted of electrons. Due to the fact that the concentration of electrons in the 

metal is much greater than the concentration of donors, the uncompensated donors 

occupy a layer of appreciable depth w. There is a change in potential due to the charge 

distribution in the depletion region and thereby results in band bending upward in the 

semiconductor as shown in Figure 2.3b. The difference between the electrostatic 

potentials at the surface of the metal and semiconductor is given by Equation 2.2 

 𝑉𝑖 = 𝛿𝐸𝑖  2.2 

where 𝑉𝑖 is the difference in electrostatic potentials, 𝛿 is their separation between metal 

and semiconductor and 𝐸𝑖 is the electric field in the gap. As the gap between the metal 

and the semiconductor is decreased, the electric field remains finite (Figure 2.3c), and 𝑉𝑖 

tends to zero as the gap vanishes. Figure 2.3d shows an ideal M-S contact in which the 

barrier as a result of vacuum disappears wholly, and the only barrier seen by electrons, 

is due to band bending in the semiconductor. 

As seen in Figure 2.3d, the height of barrier relative to the conduction band’s position in 

the neutral region of the semiconductor is referred to as the diffusion potential (built-in 

potential or voltage), represented by 𝑉𝑏𝑖. The built-in voltage can be expressed as 

Equation 2.3 

 𝑉𝑏𝑖 = 𝜙𝑏 − 𝜉 2.3 

where 𝜉 is the energy difference between the Fermi level and the conduction band 

(referred to as Fermi or chemical potential of  semiconductor). For charge neutrality 

according ref. [21], the chemical potential is given as  

 𝜉 = 𝑘𝑇 ln
𝑁𝑐

𝑁𝑑
 2.4 
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where 𝑁𝑐 is the density of states in the conduction band of the semiconductor and 𝑁𝑑  is 

the doping density. 

 

In reality, Figure 2.3d is not achievable in the fabrication of Schottky contacts by 

vacuum deposition. A thin insulating oxide layer of about 10 – 20 Å thick usually forms 

on the surface of semiconductor. This insulating layer is frequently referred to as an 

interfacial layer. A practical Schottky contact is represented by Figure 2.3c. The barrier 

presented to the electrons by the interfacial oxide layer is very thin so that electrons can 

tunnel effortlessly and cause the case not to be distinguishable from the ideal one. In 

addition, the potential drop 𝑉𝑖 is too small that Equation 2.1 still remains reasonable 

approximation.

2.5.3 The depletion region 

Bringing a metal into close contact with a semiconductor during the formation of a 

Schottky diode, the conduction band and the valence bands of the semiconductor at the 

 

Figure 2.3: The formation of a Schottky contact (a) between a metal and semiconductor in 

their isolated states, (b) electrically connected, (c) separated by a narrow gap, and (d) in a 

perfect contact. Redrawn from ref [25].  
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surface are brought into a definite energy relationship with the metal’s Fermi level [21]. 

This causes charge carriers to flow between the metal and the semiconductor until the 

Fermi level on both sides of the junction is equal. In the metal, all charges accumulate 

close to the interface, however in the semiconductor the charge is provided by ionized 

donors or acceptors, which have a much lower concentration than electrons in the 

metal. The result is that a region devoid of charge carriers, called the depletion region is 

formed next to the interface. 

Mathematically, the electric field, potential and carrier concentration in the depletion 

region may be calculated by Poisson equation in the semiconductor (4H-SiC). The 

boundary conditions are obtained from the barrier height at the interface, and taking 

the electric field in the bulk of the semiconductor to be zero. 

Taking 𝑥 = 0 at the interface, the boundary conditions can be written as 

𝑉(0) = 𝑉𝑏𝑖 and 𝐸(∞) = 0 

where 𝑉 is the potential, 𝑉𝑏𝑖 is the built-in potential and 𝐸 is the electric field. 

The solution to Poisson’s one-dimension equation can be written as 

 
𝑑2𝑉

𝑑𝑥2
= −

𝜌(𝑥)

𝜀𝑠
 2.5 

where 𝜌(𝑥) is the charge density at a depth, 𝑥, and 𝜀𝑠 is the permittivity of the 

semiconductor.  

In general, the charge density at a depth x should include contributions from the valence 

and the conduction band, ionized donors and acceptors, and deep-levels in the bandgap. 

This leads to a complicated equation which can be solved numerically. The abrupt or 

depletion region approximation is used to simplify the complicated equation. According 

to this approximation, the semiconductor is divided into two regions: 

(i) depletion region, directly below the metal which contains only ionized 

dopants and no free carriers, and 

(ii) the bulk semiconductor, which is electrically neutral and in which there is no 

electric field (i.e. electric field is zero).  
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Now, for contacts on n-type 4H-SiC semiconductor, under the abrupt approximation 

that the total charge density, 𝜌(𝑥) in the depletion region where there is no electron in 

the conduction band is given by [21, 31]  

 𝜌(𝑥) = {
𝑞𝑁𝑑          𝑥 ≤ 𝑤
0             𝑥 > 𝑤

 2.6 

where 𝑁𝑑  is the density of dopants at a depth 𝑥 from the interface, respectively, q is the 

electron charge and w is the depletion width. 

By integrating Equation 2.5 and applying the boundary conditions, the electric field and 

electrostatic potential in the semiconductor are given below 

 𝐸(𝑥) = −
𝑞𝑁𝑑

𝜀𝑠
(𝑤 − 𝑥) 2.7 

and 

 𝑉(𝑥) = −𝑉𝑏𝑖 +
𝑞𝑁𝑑

𝜀𝑠
(𝑤𝑥 −

𝑥2

2
) 2.8 

ρ(x), E(x) and V(x) for a Schottky barrier can be graphically represented as shown in 

Figure 2.4. 

Solving the Equation 2.5 by integrating it twice and applying the boundary conditions, 

the depletion width is 

 𝑤 = √
2𝜀𝑠

𝑞𝑁𝑑
𝑉𝑏𝑖. 2.9 

When an external bias 𝑉 is applied to the contact, the depletion width is given as  

 𝑤 = √
2𝜀𝑠

𝑞𝑁𝑑
(𝑉𝑏𝑖 − 𝑉 −

𝑘𝑇

𝑞
) , 2.10 

where 𝑘𝑇 𝑞⁄  arises from the contribution of the majority carrier distribution tail, k is the 

Boltzmann constant and T is the temperature in Kelvin. From Equation 2.10, the 
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depletion width varies as the square root of the applied voltage 𝑉 and as the reciprocal 

of the square root of the semiconductor’s dopant density. 

 

Figure 2.4: Graphs of the charge density ρ(x), electric field E(x), and electrostatic potential 

V(x) in the Schottky barrier diode’s depletion region. The results according to depletion 

approximation and the effects of non-zero Debye length are represented by solid line and 

dashed line, respectively. [32] 

 

The space charge 𝑄𝑠 per unit area of the semiconductor and the depletion layer 

capacitance 𝐶 per unit area are given by Equations 2.11 and 2.12, respectively [21, 27]  

 𝑄𝑠(𝑉) = 𝑞𝑁𝑑𝑤 = √2𝜀𝑠𝑞𝑁𝑑 (𝑉𝑏𝑖 − 𝑉 −
𝑘𝑇

𝑞
) 2.11 

and  

 𝐶 =
|𝜕𝑄𝑠|

𝜕𝑉
= √

𝜀𝑠𝑞𝑁𝑑

2(𝑉𝑏𝑖 − 𝑉 − 𝑘𝑇 𝑞⁄ )
=

𝜀𝑠

𝑤
 2.12 

The Equation 2.12 can be written in the form below; 
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1

𝐶2
=

2(𝑉𝑏𝑖 − 𝑉 − 𝑘𝑇 𝑞⁄ )

𝜀𝑠𝑞𝑁𝑑
 2.13 

from which it follows that 

 𝑁𝑑 =
2

𝑞𝜀𝑠
[−

1

𝑑(1
𝐶2⁄ )/𝑑𝑉

] 2.14 

A plot of 1 𝐶2 ⁄  versus 𝑉 yields a straight line and the doping density, Nd can be 

calculated from the slope (− 2 (𝑞𝜀𝑠𝑁𝑑)⁄ ) if Nd is constant throughout the depletion 

region, otherwise the doping profile can be calculated from Equation 2.14 by using the 

differential capacitance technique [27]. 

By using voltage axis intercept, the Schottky barrier height 𝜙𝑏is given by  

 𝜙𝑏 = 𝑉𝑏𝑖 + 𝜉 +
𝑘𝑇

𝑞
− ∆𝜙 2.15 

where 𝑉𝑏𝑖 is the voltage axis intercept (known as built-in voltage or potential) and ∆𝜙 is 

the image force barrier lowering and is given as 

 ∆𝜙 = (
𝑞𝐸𝑚

4𝜋𝜀𝑠
)

1 2⁄

 2.16 

where 𝐸𝑚is the maximum electric field, given by 

 𝐸𝑚 = (
2𝑞𝑁𝑑𝑉𝑏𝑖

𝜀𝑠
)

1 2⁄

 2.17 

Figure 2.5 shows a measured graph of 1 𝐶2 ⁄   versus 𝑉. 
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Figure 2.5: Graph of 1 𝐶2 ⁄  as a function of voltage V as measured for a SBD of Ni/4H-SiC 

at room temperature (300 K). 

2.5.4 Current transport mechanisms 

This section is extracted from refs.[21, 25, 33] and details can be read in the texts. 

In metal-semiconductor junctions, majority carriers are primarily responsible for the 

current transport, unlike p-n junctions, where minority carriers are responsible for the 

flow of current. These majority carriers can either be electrons (for n-type 

semiconductors) or holes (for p-type semiconductors) [21]. There are four main 

processes by which carrier transport can occur in Schottky barriers in forward biased 

direction [21]. These mechanisms or processes are  

(i) thermionic emission (TE) over the Schottky potential barrier from 

semiconductor into the metal, 

(ii) quantum-mechanical tunnelling through the barrier, which is important for 

highly doped semiconductors and accountable for most ohmic contacts,  

(iii) carrier recombination and generation in the depletion region, and 
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(iv) hole injection from the metal to the semiconductor (recombination in the 

neutral ). 

These transport mechanisms are illustrated schematically in Figure 2.6. 

 

Figure 2.6: Basic current mechanisms across a forward biased barrier, redrawn from ref. 

[21, 25, 27]. 

2.5.4.1  Thermionic emission 

Thermionic emission is dominant for Schottky barrier diodes on lightly doped 

semiconductors, and operates at moderate temperatures [21]. The TE theory was 

derived by Bethe [34], and assumes that 

(i) the Schottky barrier height is much greater than characteristic energy 

(i.e. 𝑞∅𝑏𝑛 ≫ 𝑘𝑇); 

(ii) thermal equilibrium is established at the plane that determines emission, and 

(iii) this thermal equilibrium is not affected by the existence of the net current 

flow, therefore the two current fluxes can superimpose (i.e. from metal to 

semiconductor, and vice-versa, each with a different quasi Fermi level [21]. 

It can be deduced from these assumptions that the flow of current from semiconductor 

to metal is solely dependent on the Schottky barrier height and independent on the 
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shape of barrier profile. Therefore, the shape of the barrier profile can be ignored. The 

current density from semiconductor to metal (denoted as 𝐽𝑆→𝑀), which is determined by 

the number of electrons that have sufficient energy to overcome the barrier, is given by 

 𝐽𝑆→𝑀 = ∫ 𝑒𝑣𝑥𝑑𝑛
∞

𝐸𝐹𝑛+𝑒𝛷𝑏𝑛

 2.18 

where 𝑣𝑥 is the component of the carrier velocity in the direction of current flow, and 

𝐸𝐹𝑛 + 𝑒𝛷𝑏𝑛 is the minimum energy necessary for TE into metal. To consider the 

electron density in an incremental energy range, we have Equation 2.19 

 

𝑑𝑛 = 𝑁(𝐸)𝐹(𝐸)𝑑𝐸 

≈
4𝜋(2𝑚∗)

3
2⁄

ℎ3 √𝐸 − 𝐸𝑐 exp (−
𝐸 − 𝐸𝑐 + 𝑞𝑉𝑛

𝑘𝑇
) 𝑑𝐸 

2.19 

where 𝑁(𝐸) is the density of states, 𝐹(𝐸) is the distribution function, 𝑚∗ is the effective 

mass of semiconductor, 𝑞𝑉𝑛 is (EC – EF) and E is the electrons’ energy. Let postulate that 

all the energy associated with electrons in the conduction band is kinetic energy, and is 

given as 

 𝐸 = 𝐸𝐶 +
1

2
𝑚∗𝑣2 2.20 

From Equation 2.20, 𝑑𝐸 = 𝑚∗𝑣𝑑𝑣, and Equation 2.19 can be written as [21, 27] 

 𝑑𝑛 ≈ 2 (
𝑚∗

ℎ
)

3

exp (−
𝑒𝛷𝑛

𝑘𝑇
) exp (−

𝑚∗𝑣2

2𝑘𝑇
) (4𝜋𝑣2𝑑𝑣) 2.21 

This equation gives the number of electron per unit volume with speeds between v and 

𝑣 + 𝑑𝑣 that are distributed in all directions and h is the Planck’s constant. Resolving the 

velocity into components along the axes in such a way that x-axis parallel to the 

direction of transport, we have  

 𝑣2 = 𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2 2.22 
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Using the transformation 4𝜋𝑣2𝑑𝑣 = 𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧 , we obtain current density from 

Equations 2.18, 2.21 and 2.22 

 𝐽𝑆→𝑀 =
4𝜋𝑞𝑚∗𝑘2

ℎ3
𝑇2 exp (−

𝑞𝑉𝑛

𝑘𝑇
) exp (−

𝑚∗𝑣𝑜𝑥
2

2𝑘𝑇
) 2.23 

where 𝑣𝑜𝑥 is the minimum velocity required in the x-direction to overcome the barrier 

and is given by 

 
1

2
𝑚∗𝑣𝑜𝑥

2 = 𝑞(𝑉𝑏𝑖 − 𝑉) 2.24 

where 𝑉𝑏𝑖 is the built-potential at zero bias. Let substitute Equations 2.24 into 2.23, we 

have 

 

𝐽𝑆→𝑀 =
4𝜋𝑞𝑚∗𝑘2

ℎ3
𝑇2 exp (−

𝑞(𝑉𝑛 + 𝑉𝑏𝑖)

𝑘𝑇
) exp (−

𝑞𝑉

𝑘𝑇
) 

= 𝐴∗𝑇2 exp (−
𝑞𝜙𝑏

𝑘𝑇
) exp (

𝑞𝑉

𝑘𝑇
) 

2.25 

where 𝜙𝑏 is the Schottky barrier height and is equal to the sum of 𝑉𝑛 and 𝑉𝑏𝑖, and 𝐴∗ is 

the effective Richardson constant for thermionic emission, which is given as 

 𝐴∗ =
4𝜋𝑞𝑚∗𝑘2

ℎ3
 2.26 

Since the barrier height for electrons moving from the metal into the semiconductor 

remains constant, the current flowing from the metal is not affected by the applied 

voltage [21]. At thermal equilibrium and 0 V bias, the current through the diode has to 

be zero, therefore the current flowing from the metal to the semiconductor should be 

equal to the current flowing from the semiconductor to the metal. Therefore, 

independent of bias, it follows that 

 𝐽𝑀→𝑆 = 𝐴∗𝑇2 exp (−
𝑞𝜙𝑏

𝑘𝑇
) 2.27 

The resultant current density is therefore 
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 𝐽𝑛 = [𝐴∗𝑇2 exp (−
𝑞𝜙𝑏

𝑘𝑇
)] [exp (

𝑞𝑉

𝑘𝑇
) − 1] 2.28 

and can also be written as 

 𝐽𝑛 = 𝐽𝑠 [exp (
𝑞𝑉

𝑘𝑇
) − 1] 2.29 

where 𝐽𝑠 is the saturation current density of thermionic emission and is given by 

 𝐽𝑠 = [𝐴∗𝑇2 exp (−
𝑞𝜙𝑏

𝑘𝑇
)] 2.30 

Equation 2.29 gives the current density of an ideal diode. This equation can be re-

written for the non-ideal case, in which series resistance and ideality factor will be 

included. The expression now becomes 

 𝐽𝑛 = 𝐽𝑠 exp (
𝑞𝑉 − 𝐼𝑅𝑆

𝑛𝑘𝑇
) [1 − exp (

𝑞𝑉 − 𝐼𝑅𝑆

𝑘𝑇
)] 2.31 

The ideality factor n is calculated from the gradient of the linear region of the semi-

logarithmic I-V plot, and is given as 

 𝑛 =
𝑞

𝑘𝑇

𝑑𝑉

𝑑(ln 𝐼)
 2.32 

The series resistance is obtained from the deviation of the semi-logarithmic I-V plot 

from linearity at high currents [33], is given as 

 𝑅𝑆 =
∆𝑉

𝐼
 2.33 

2.5.4.2 Generation-recombination (G-R) current  

This mechanism is due to the generation and recombination of carriers within the space 

charge region, and is usually observed at low temperature [25]. The recombination in 

the depletion region normally takes place via localized (defect) states. The most 

effective G-R centres are those with energies lying near the centre of the bandgap [25]. 
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The theory describing such a recombination centre is the same for both Schottky diodes 

and p-n junctions [35, 36]. The current density under forward bias is given by 

 𝐽𝑟 = 𝐽𝑟0 exp (
𝑞𝑉

2𝑘𝑇
) [1 − exp (−

𝑞𝑉

𝑘𝑇
)] 2.34 

where 𝐽𝑟0 = 𝑞𝑛𝑖𝑤 2𝜏𝑟⁄ , and 𝑛𝑖  is the intrinsic electron concentration, that is 

proportional to exp(−𝑞𝐸𝑔 2𝑘𝑇⁄ ), where w is the depletion width and 𝜏𝑟 is the lifetime of 

carriers within the depletion region. This equation is derived by assuming that the 

energy levels of the centres coincide with intrinsic Fermi-level, that the capture cross 

sections for holes and electrons are the same and that the centres are distributed 

uniformly through the depletion region [25]. Recombination occurs in two processes 

(i.e. direct and indirect recombination) [37]. 

(i) Direct recombination process: In this process, an electron falls from the 

conduction band and then recombines directly with a hole in the valence 

band. This is also referred to as band to band recombination. It is common as 

radiative transitions in direct bandgap semiconductors. The conservation of 

energy for this process is ensured since electrons and holes recombining are 

located close to the semiconductor’s band edge. 

(ii) Indirect recombination process: In this case, an electron falls into a trap where 

it can recombine to a hole later. It can also be referred to as trap-assisted 

recombination. Since generation or recombination processes require 

conservation of energy and momentum, this event requires a lattice defect 

that will allow the conservation of momentum. This lattice defect is generally 

impurity atom with an energy state deeper in the bandgap. When electrons 

undergo transitions from the conduction band to the valence band, they 

collapse into the trap until the trap is filled up such that the acceptance of 

electrons is no more possible. Once this occurs, the electron that occupies the 

trap can in a second step fall into the valence band, therefore completing the 

recombination process. It can be deduced from the aforementioned that 

recombination can be determined by deep states and not intrinsic or doping 

dependent property. 
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2.5.4.3 Quantum-mechanical tunnelling 

This is the dominant transport mechanism in a Schottky diode on a highly doped 

semiconductor at low temperatures [21]. This takes place when electrons don’t have 

sufficient energy for thermionic emission to take place, and the depletion region is 

narrow enough to allow quantum mechanical tunnelling through the barrier. According 

to ref. [25], the thermionic emission process is modified into the field and thermionic 

field emission when carriers tunnel in highly doped semiconductor at low 

temperatures. 

(i) Field emission: This occurs when the current flow in the forward bias is as a 

result of tunneling of electrons with energies close to the Fermi level in the 

semiconductor. 

(ii) Thermionic field emission: This occurs when the temperature is raised such 

that electrons are excited to higher energies where the barrier is adequately 

thin for tunneling to take place [25, 27, 33]. Although the number of excited 

electrons reduces very rapidly with increasing energy, there is maximum 

contribution to the current from electrons which have energy well above the 

bottom of conduction band.  

Details discussions about quantum-mechanical tunnelling can be read in refs. [21, 27, 

38, 39]. 

2.5.5 Schottky barrier height 

The material used for illustration in this section is n-type 4H-SiC. Figure 2.7 shows the 

band diagram of a SBD on an n-type 4H-SiC substrate. In the ideal case, the barrier 

height of 𝜙b0 occurs when the Schottky diode is strongly forward biased. Usually, the 

image force barrier lowering, interface states and some other factors are responsible for 

the difference between the actual barrier height of 𝜙b and the ideal barrier height.  
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Figure 2.7: Energy band diagram of Schottky barrier potential showing lowering of the 

barrier due to image charges in the metal. 

 

2.5.5.1  Current-Voltage (I-V) characteristics 

This is a common technique to determine the quality of Schottky contacts in the 

semiconductor industry and laboratories. The technique involves measuring the 

forward and the reverse current through the device under different bias conditions. 

From these measurements, the Schottky barrier height, ideality factor and series 

resistance can be determined which in their turn indicate the quality of the diodes. 

Neglecting the series and shunt resistance, thermionic emission predicts the I-V 

characteristics of a Schottky barrier diode to be [33] 

 𝐼 = 𝐴𝐴∗𝑇2 exp (−
𝑞𝜙𝑏

𝑘𝑇
) [exp (

𝑞𝑉

𝑛𝑘𝑇
) − 1] = 𝐼𝑠 [exp (

𝑞𝑉

𝑛𝑘𝑇
) − 1] 2.35 

where 𝐼𝑠 is the saturation current, 𝐴 is the area of diode, 𝐴∗ = 146 𝐴𝑐𝑚−2𝐾−2 is the 

Richardson constant for n-type 4H-SiC, 𝜙𝑏 is the effective barrier height, V is the applied 

voltage, and n is the ideality factor. Figure 2.8 shows experimental results where the 

logarithm of the current was plotted versus voltage. The Schottky barrier height and the 

ideality factor can be calculated from the plot. 
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Figure 2.8: A semi-logarithmic forward and reverse I-V plots of Ni/n-type 4H-SiC device 

obtained at room temperature. The parameters n, Is and 𝜙𝑏 were determined to be 1.04, 

15.5×10–18 A and 1.25 eV, respectively [40] 

The ideality factor obtained from the slope of the linear region of the plot according to 

Equation 2.36 

 
𝑛 =

𝑞

2.3𝑘𝑇 [
𝑑(ln 𝐼)

𝑑𝑉
⁄ ]

=
𝑞

2.3𝑘𝑇 × 𝑠
 

2.36 

where s is the slope obtained from the straight line. The saturation current Is can be 

calculated from the intercept of the plot (i.e. ln𝐼 axis at 𝑉 = 0) as 

 𝐼𝑠 = 𝐴𝐴∗𝑇2exp (−
𝑞𝜙𝑏

𝑘𝑇
) 2.37 

The Schottky barrier height can be determined from Equation 2.38 as 

 𝜙𝑏 =
𝑘𝑇

𝑞
ln (

𝐴𝐴∗

𝐼𝑠
) 2.38 

It follows that the barrier height 𝜙𝑏 depends on the value of the Richardson constant A*. 

Therefore any uncertainty in the value of A* translates to an inaccuracy in the barrier 

height [33]. 
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2.5.5.2  Capacitance-Voltage (C-V) characteristics 

C-V measurements rely on the change of the width of the space charge region of a 

reverse-biased Schottky diode and provide an understanding of the dopant and defect 

distribution beneath the contact, an important parameter for the semiconductor 

industry. The capacitance of a 4H-SiC diode was measured and plotted as a function of 

voltage in Figure 2.9 

 

Figure 2.9: C-V characteristic obtained from a Ni/n-type 4H-SiC device at room 

temperature. 

The C-V barrier height and doping density profile of the diode may be obtained as 

described in Section 2.5.3. 

2.5.5.3 Current-Temperature (I-T) 

For 𝑉 ≫ 𝑘𝑇
𝑞⁄ , Equation 2.35 becomes 

 ln (
𝐼

𝑇2
) ≈ ln(𝐴𝐴∗) −

𝑞

𝑘𝑇
(𝜙𝑏 −

𝑉

𝑛
) 2.39 



30 
 

A plot of ln(𝐼/𝑇2)   versus 1/𝑇 for a fixed bias voltage 𝑉 = 𝑉1 is known as a Richardson 

plot. If the ideality factor n is known independently, the slope −𝑞(𝜙𝑏 − 𝑉1 𝑛⁄ )/𝑘 and 

intercept ln(𝐴𝐴∗) of this plot may be used to determine the Schottky barrier height 𝜙𝑏 

and the Richardson constant A*, respectively. The Richardson constant A* is often prone 

to error due to the extrapolation over a long distance. 

As mentioned earlier, at the intercept of the extrapolated ln 𝐼 vs V characteristics of a 

diode, 𝐼 = 𝐼𝑠 and 𝑉 = 0. If the I-V characteristics of a diode is measured as a function of 

temperature, it follows by substitution into Equation 2.39, that 

 ln
𝐼𝑠

𝑇2
= ln(𝐴𝐴∗) −

𝑞𝜙𝑏

𝑘𝑇
 2.40 

Figure 2.10 shows the plot of ln(𝐼𝑠 𝑇2⁄ ) versus 1/𝑇. The Schottky barrier height 𝜙𝑏 is 

now obtained from the slope equal to − 𝑞𝜙𝑏 𝑘𝑇⁄ . The ideal behaviour of a diode and 

deviation of n-type 4H-SiC was obtained and explained by refs. [40, 41]. 

 

Figure 2.10: The plot of 𝑙𝑛(𝐼𝑠 𝑇2⁄ ) versus 1/𝑇 obtained from a Ni/n-type 4H-SiC device 

before irradiation. 
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2.5.6 The Richardson constant 

Assuming pure thermionic emission (i.e. absence of series resistance), the 

determination of barrier height in M-S contacts is dependent on the saturation current 

Is and the Richardson constant A* (Equation 2.37). There is always an inaccuracy in the 

value of the barrier height due to uncertainty in the value of the Richardson constant 

[33]. Theoretically, the Richardson constant is dependent on the effective mass of the 

electron, m* which is in turn depends on the temperature. It has been reported by 

Constantinescu and Nan showed that the variation of m* with temperature is found to 

be a few per cent and is mostly determined by the temperature variation of the bandgap 

[42]. 

Experimentally, the Richardson constant may be determined as described in Section 

2.5.5.1. The intercept of the extrapolated linear plot of ln 𝐼𝑠 𝑇2⁄  versus 1 𝑇⁄  of Figure 

2.10 were used to determine the Richardson constant. That is 

 𝐴∗ =
exp 𝑐𝑦

𝐴
 2.41 

where 𝑐𝑦 is an intercept at y-axis and A is the area of the diode. 

Many researchers have reported different values of the Richardson constant over 

different temperature ranges [43-45]. The A* is not only depends on the effective mass 

of the electron, but also depends on the quality of the contact (in turn depends on the 

cleaning of the surface during preparation), metal thickness and method of metal 

deposition (such as thermal/resistive evaporation, sputter deposition and electron 

beam deposition method) [46]. Also, as suggested by ref. [25], the value of the  A* can be 

affected by an oxide layer formed between the metal and the semiconductor during the 

deposition of the contact. The aforementioned effects influence the saturation current 

leading to the modification of the barrier, and therefore affect the value of the 

Richardson constant [47]. Another effect causing deviation of the Richardson constant 

from the theoretical value is contact barrier inhomogeneity [43].  

2.5.6.1  Barrier height inhomogeneities 

The effect of barrier height inhomogeneity was investigated by assuming that the 

barrier height varies across the area of the interface [48, 49]. The different barrier 
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heights are attributed to the formation of an interface (oxide) layer between the metal 

and the semiconductor. The current flowing through the Schottky barrier diode will 

flow preferentially through the lower barriers in the potential distribution because of 

these potential instabilities at the interface [50, 51]. Corrections for the 

inhomogeneities have been reported in the literature [43, 50, 51]. Assuming a Gaussian 

distribution of the Schottky barrier height with a mean value of 𝜙̅𝑏 and the standard 

deviation 𝜎𝑠, the proportion of the diode with a barrier height 𝜙̅𝑏 is given by [51-53] 

 𝑃(𝜙𝑏) =
1

𝜎𝑠√2𝜋
exp (−

(𝜙𝑏 − 𝜙̅𝑏)2

2𝜎𝑠
2

) 2.42 

where 1 𝜎𝑠√2𝜋⁄  is the normalization constant of the Gaussian barrier height 

distribution. The total current, I(V) flowing across a diode is given by [43] 

 𝐼(𝑉) = ∫ 𝐼(𝜙𝑏 , 𝑉)𝑃(𝜙𝑏)𝑑𝜙

+∞

−∞

 2.43 

where 𝐼(𝜙𝑏 , 𝑉) is the current at bias V for a barrier height based on the ideal thermionic 

emission diffusion. 

After integrating Equation 2.43 and substitution, the 𝐼(𝑉) becomes 

 𝐼(𝑉) = 𝐴∗𝐴𝑇2 exp (−
𝑞𝜙𝑎𝑝

𝑘𝑇
) exp (

𝑞𝑉

𝑛𝑎𝑝
) [1 − exp (−

𝑞𝑉

𝑘𝑇
)] 2.44 

with 

 𝐼𝑠 = 𝐴∗𝐴𝑇2 exp (−
𝑞𝜙𝑎𝑝

𝑘𝑇
) 2.45 

where 𝐼𝑠 is the saturation current, 𝜙𝑎𝑝 and 𝑛𝑎𝑝 are the apparent barrier height and 

apparent ideality factor at bias equal to zero, respectively, and given by  

 𝜙𝑎𝑝 = 𝜙̅𝑏0(𝑇=0) −
𝑞𝜎𝑠0

2

2𝑘𝑇
 2.46 

and 
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 (
1

𝑛𝑎𝑝
− 1) = 𝜌2 −

𝑞𝜌3

2𝑘𝑇
 2.47 

Assuming 𝜙̅𝑏 and 𝜎𝑠 are linearly bias-dependent on Gaussian parameters, such that 

mean value of the Schottky barrier height, 𝜙̅𝑏 = 𝜙̅𝑏0 + 𝜌2𝑉, and the standard deviation, 

𝜎𝑠 = 𝜎𝑠 + 𝜌3𝑉, where 𝜌2 and 𝜌3 are voltage coefficients that may depend on 

temperature that quantify the voltage deformation of the Schottky barrier height 

distribution [54-56]. Since the temperature dependence of 𝜎𝑠 is small, it has little or no 

effect, therefore it can be neglected [57]. It is apparent that the decrease of zero-bias 

barrier height is caused by the existence of the Gaussian distribution and the extent of 

its influence is determined by its standard deviation. The effect becomes very significant 

at low temperature [43, 50].  

It may be noted that, at low temperatures, tunnelling becomes significant. and it is 

expected that enhanced tunnelling through the low barrier regions may further 

influence the measured Schottky barrier height [58].  

By fitting the experimental results to Equation 2.45, this gives 𝜙𝑎𝑝 and 𝑛𝑎𝑝 which should 

obey Equations 2.46 and 2.47. Therefore, the plot of 𝜙𝑎𝑝 against 1000 𝑇⁄  should give a 

linear plot, where 𝜙̅𝑏0 and 𝜎𝑠0 can be determined from the intercept and slope, 

respectively. In addition, a fit for the different values of the apparent ideality factor as a 

function of temperature, which should obey Equation 2.47, should be straight line and 

the voltage coefficients, 𝜌2 and 𝜌3 can be determined as the intercept and gradient, 

respectively. The standard deviation is a measure of the barrier homogeneity [50]. A 

lower value of 𝜎𝑠0, corresponds to a more homogeneous Schottky barrier and better 

diode rectifying performance.  

The Richardson constant can be modified to take barrier height inhomogeneities into 

account by combining Equations 2.45 and 2.46  

 ln (
𝐼𝑠

𝑇2
) − (

𝑞2𝜎𝑠0
2

2𝑘2𝑇2
) = ln 𝐴𝐴∗∗ −

𝑞𝜙̅𝑎𝑝

𝑘𝑇
 2.48 
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where 𝐴∗∗ is the modified Richardson constant. A plot of ln(𝐼𝑠 𝑇2⁄ ) − (𝑞2𝜎𝑠0
2 2𝑘2𝑇2⁄ ) 

against 1000 𝑇⁄  should give a straight line with slope giving the mean barrier height and 

the intercept gives the modified Richardson constant, as shown in Figure 2.18. 

 

Figure 2.11: The plot of 𝑙𝑛(𝐼𝑠 𝑇2⁄ ) − (𝑞2𝜎𝑠0
2 2𝑘2𝑇2⁄ ) versus 1000/𝑇 obtained from a Ni/n-

type 4H-SiC device before irradiation. 

 

2.5.7 Ohmic contacts 

An ohmic contact is a non-rectifying junction. It is defined as a metal-semiconductor 

contact that has an insignificant junction resistance compared to the total resistance of 

the semiconductor device [21]. For an ideal ohmic contact, charge carriers can freely 

flow in both directions across the metal-semiconductor junction with low or no 

resistance. The specific junction or contact resistance can be defined as the reciprocal of 

the current density with respect to voltage. The contact resistance, 𝑅𝐶  can be expressed 

by Equation 2.49 when evaluated at zero volts applied bias 

 𝑅𝐶 = (
𝜕𝐽

𝜕𝑉
)

𝑉=0

−1

 2.49 

where J is the current density of M-S contact that depends on  
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(i) the applied voltage, 

(ii) the barrier height, and 

(iii) the doping density [33]. 

In order to achieve an ohmic contact to n- and p-type semiconductor, the following 

approaches can be used: 

(i) The metal work function ϕm can be chosen to be below that of semiconductor 

(ϕm < ϕs) in n-type semiconductor as shown in Figure 2.12a and b, and vice-

versa for p-type, for an ideal ohmic contact. A low resistance contact to a 

semiconductor will be obtained if the barrier height is relatively small 

compared to kT. In this case, carriers can easily flow across the barrier in 

both directions with little or no resistance Figure 2.12c [21, 59]. Equation 

2.50 mathematically relates the contact resistance to the barrier height 

 𝑅𝐶 =
𝑘

𝑞𝐴∗𝑇
exp (

𝑞𝜙𝑏

𝑘𝑇
) 2.50 

(ii) If a metal does not exist with low enough work function to produce low 

barrier height; the tunnel contact is an alternative Figure 2.12d. The contacts 

should have a high enough doping in the semiconductor so that the layer 

separating the metal from the semiconductor interface is very thin. According 

to Sze, the recommended doping density required for the contact is at least 

1019 cm–3 [21]. 

The two cases are illustrated schematically in Figure 2.12. 
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Figure 2.12: Electron energy diagrams between a metal and n-type semiconductor with 

(𝜙𝑚 < 𝜙𝑠), (a) materials neutral and isolated from each other, (b) thermal equilibrium 

situation of ideal ohmic contact formation is made, redrawn after ref. [37]. (c) Ohmic 

contact formation by low Schottky barrier height, and (d) ohmic contact formation by 

high doping contacts, redrawn after [21]. 

2.6 Defects in semiconductors 

2.6.1 Introduction 

A perfect crystal can be defined as a regular arrangement of atoms at particular crystal 

lattice sites. It contains no point, line, volume or planar imperfections. Even in the most 

ideal situations, a perfect crystal is impossible to attain. This is due to many reasons 

including growth methods, subsequent cooling and device processing. Imperfections in 

semiconductors generally occur as a result of impurities or thermal excitation at finite 

temperature above 0 K [60]. These imperfections, which may be in different 

dimensions, are called defects. Defects can be introduced intentionally e.g. by impurity 

doping into semiconductor to enhance the conductivity of the devices or irradiation to 

reduce carrier lifetime and increase switching speeds. 

Many defects induce electronic states in the bandgaps of semiconductor materials. 

These states can be classified as shallow and deep-levels. The classification of levels as 

deep or shallow depends on their location with respect to valence or conduction band 
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edge. The defects are classified as shallow level defects if their states are located near 

the valence band for acceptors and near the conduction band for the donors. Deep-level 

defects have levels found deeper in the bandgap, usually deeper than the dopant levels. 

Depending on their electron and hole capture cross section, these deep-levels can act as 

recombination centres or traps. Defects can either be beneficial or detrimental to device 

operations, depending on their applications. Defects can also be categorised into point 

and extended defects. In this section, the discussion will be more focus on point defects 

in SiC. 

2.6.2 Point defects 

Point defects are zero dimensional defects. They are isolated atoms in confined areas of 

a host crystal. Figure 2.13 shows the schematic diagram of point defects in a 

semiconductor such as SiC. Common point defects include: 

i) Vacancy: An atom missing from its original lattice position. The vacancy in 

SiC can either be silicon vacancy, VSi (there is no atom on a silicon lattice site) 

or carbon vacancy, VC (there is no atom on a carbon lattice site). 

ii) Interstitial: An atom that inhabits a position different from its normal site. 

Interstitials can be classified as self-interstitials (i.e. if the atom is the same as 

one of the species of the host lattice), or an interstitial impurity (i.e. if the 

interstitial atom is different species from the host atoms). In SiC, a self-

interstitial can either be silicon, Sii or carbon, Ci. Often, an interstitial may 

occupy different lattice sites, e.g. in SiC cubic and hexagonal sites are possible. 

iii) Frenkel pair: A self-interstitial atom is located close to a vacancy. 

iv) Antisite: In compound semiconductors, an atom of one sub-lattice is 

positioned in a lattice site of the other element. E.g. in SiC, when Si takes the 

lattice position of C (a silicon antisite, CSi) or C is on a Si lattice point (a silicon 

antisite, SiC). 

v) Substitutional impurity: A foreign atom that occupies a lattice site e.g. a 

nitrogen atom on a C site (NC). 

In addition, combinations of defects may occur, e.g. a vacancy next to a dopant atom. 

This section is writing after refs. [61, 62]. Point defects can also be classified as intrinsic 

and extrinsic lattice defects. 
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Figure 2.13: The schematic diagram of point defects in semiconductor [63]. 

2.6.2.1 Intrinsic point defects 

Defects that occur as a result of re-arrangement of the host atoms in the lattice site are 

called intrinsic lattice defects. Intrinsic defects are vacancies, interstitials and antisites. 

Their properties are dependent on the site. Defects have different energy levels in the 

bandgap when occupying either cubic (k) or hexagonal (h) sites. These differences can 

be observed by optical and electron paramagnetic resonance (EPR) techniques [64] as 

well as DLTS. The discussion in this sub-section will mainly focus on the well-known 

defect known as the Z1/Z2 in 4H-SiC. 

The Z1/Z2 has been widely studied and is present in both the as-grown and irradiated n-

type 4H-SiC [65, 66]. The defect is known for its unusual thermal stability (1700 °C) [67] 

and has two closely spaced electrical levels. For 6H-SiC polytypes, it was reported that 

defects E1 and E2 have properties similar to Z1/Z2 [68-70]. The deep-levels for 4H-SiC 

and 6H-SiC show negative-U behaviour, i.e. they have inverted donor (0/+) and acceptor 

(–/0) levels [66, 71]. The reported energy levels associated with donor and acceptor 

levels of Z1/Z2 for 4H-SiC range from EC – 390 to EC – 460 meV and EC – 620 to EC – 710 

meV, respectively. In 6H-SiC, the E1 and E2 also range from deep-levels from EC – 190 to 

EC – 290 meV and EC – 380 to EC – 440 meV [70]. Although it has been confirmed that 

these defects have intrinsic nature [72], the structure of these defects has long been 

debated. Researchers have suggested that the Z1/Z2 defect is a silicon vacancy [73], a 
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carbon vacancy [74], a complex of nitrogen with the carbon interstitial [75], a silicon 

antisite-silicon vacancy complex [76] or a silicon carbon antisite pair [76]. Asghar et al 

carried out a study on 4H-SiC before and after alpha-particle irradiation and suggested 

that the of Z1/Z2 centres involved silicon and carbon vacancies [77]. Hemmingsson et al 

studied the dependence of the deep-level defects in electron irradiated 4H-SiC on the 

energy of the electrons. He concluded that the structure of the defects could be linked to 

the Si vacancy since C is lighter than Si and can therefore be displaced by lower energy 

electrons [66]. After years of argument, the SiC community recently concluded that the 

Z1/Z2 traps are due to the C vacancy [78]. 

2.6.2.2 Extrinsic point defects 

Defects that arise in semiconductors through the presence of foreign atoms such as 

doping impurities are called extrinsic defects. These defects can alter the electrical 

conductivity of semiconductor materials. They can be classified further into solutes (if 

the foreign atom intentionally added during growth by diffusion or ion implantation 

after growth) and impurities (if added in error or unintentionally during the growth of 

crystal). The foreign atom may either occupy a lattice site, and be called a substitutional 

solute, or fill an interstitial position and be called an interstitial solute. The position 

preferred by a specific solute is determined by the size of the foreign atoms. Since 

nitrogen, carbon and hydrogen are small in size, they occupy interstitial sites.  

(a) Acceptors in SiC 

To obtain p-type conductivity in SiC, the SiC is doped with group III atoms, commonly 

boron, aluminium and gallium. Group III elements have one less valence electron than 

group IV atoms (such as Si and C), therefore one electron is needed to complete the 

bond, and the defect behaves as an acceptor. 

Aluminium is the most preferable p-type dopant in SiC because of the group III 

elements, it has the highest solubility (~1021 cm–3) and forms the shallowest acceptor 

levels [79-81]. The ionization energy of Al decreases from 270 to 100 meV as the 

concentration increases from 1018 to 1021 cm–3 [80]. Also, the ionization energy of Al in 

4H-SiC has been described to be 𝐸𝑣 + 240 𝑚𝑒𝑉, which does not depend on its 

concentration up to 5 × 1020 cm–3, provided the degree of compensation of the epitaxial 

layers, k is less than 1%. 
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The boron impurity in SiC is also of interest because of its high solubility (~1020 cm–3), 

and rapid diffusion [82]. It has been reported that B has a shallow acceptor impurity in 

4H-SiC with ionization energy of 𝐸𝑣 + 350 𝑚𝑒𝑉 as obtained from Hall measurements. 

(b) Donors in SiC 

Undoped SiC has n-type conductivity [82]. For additional doping group V and VI atoms 

are donors that contribute extra electrons to the valence band of the semiconductor. 

The most common dopant of SiC is nitrogen, because of its fairly high solubility (≈1021 

cm–3) and lowest ionization energy compared to all impurity donors in SiC such as 

oxygen, phosphorus, indium and arsenic [83, 84].  

The N atoms appear to substitute C atoms in the SiC lattice and act as a shallow donors 

[85, 86]. Nitrogen atoms also occupy non-equivalent lattice positions: cubic (c) and 

hexagonal (h) lattice site [82]. This influences the energy position of deep-levels related 

to N atoms [87, 88]. The energy levels associated with N donor are estimated to be 45-

65 meV and 90-100 meV below the conduction band for hexagonal and cubic sites, 

respectively [40, 89-91].  

Phosphorus forms shallow levels in SiC with an ionisation energy of 53.9 meV and has a 

lower solubility compared to N [84]. It has been reported by Capano et al that P causes 

two related energy levels at 53 meV and 93 meV below the conduction band in 4H-SiC 

after implantation and which are associated with hexagonal and cubic lattice sites [92]. 

(c) Transition metal impurities in SiC 

Due to their incomplete d-orbitals, transition metal impurities affect the properties of 

semiconductors strongly even at low concentrations. The transition metal impurities 

form electrically active deep-level defects within the bandgap of semiconductors which 

can capture electrons. The most common transition metal impurities in SiC are titanium, 

vanadium, chromium and iron [93, 94]. SiC is mostly contaminated with these 

impurities during high-temperature growth such as the Lely-process [95]. This is 

mainly due to transition metal contaminants in the graphite parts of the reactor. 

Consequently, the SiC powder used for SiC crystal growth always contains minute 

amounts of transition metals.  Generally, transition metal defects are detrimental to SiC 

devices [96]. 
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Titanium impurities have a large effect on the electrical properties of SiC. The existence 

of centres associated with the presence of Ti impurity has been demonstrated in 4H-SiC 

by Dalibor et al and Maier et al using electron spin resonance [97-99]. Two deep-levels 

related to Ti have been observed in n-type 4H-SiC using DLTS [98]. The two energy 

levels are attributed to attribute ionized titanium acceptors that reside at hexagonal and 

cubic Si lattice positions and have DLTS ionization energy of EC – 0.12 eV and EC – 0.16 

eV, respectively. Similar values were obtained by Achtziger et al al [100], but within 

experimental significant error. The structure of these defects was confirmed by electron 

spin resonance (ESR) and optically detected magnetic resonance (ODMR) [97, 101]. 

According to the Langer-Heinrich (L-H) rule, the position of the energy levels of 

transition metals in isovalent semiconducting materials remains constant. For example, 

the position of Ti levels in SiC does not change with the parameters of the polytypes. 

Also, the detectability of these centres by different methods depends on the magnitude 

of the bandgap of individual polytypes. The ground state of Ti observed for 4H-SiC from 

DLTS will be different for 6H-SiC because of its narrower bandgap [82]. 

Hobgood et al and Mitchel et al have reported that doping SiC with vanadium leads to 

the formation of semi-insulating layers of SiC [94, 102]. Their findings led to the study of 

properties of vanadium in SiC by many researchers. From the literature, it has been 

reported that vanadium has amphoteric characteristics in SiC, which leads to creation of 

acceptor and donor levels [97, 103, 104]. The DLTS results from Dalibor et al revealed 

that vanadium introduce an acceptor-like defect at EC – 0.88 to 0.97 eV in 4H-SiC 

polytype [105]. Achtziger et al also reported the same results for the energy position of 

V in n-type 4H-SiC [100]. The energy position reported for V in 6H-SiC is EC – 0.60 to EC 

– 0.75 eV [105]. 

A chromium impurity is another common impurity in SiC. The level associated with Cr 

in SiC has not been yet been established. Three deep-levels, 0.15, 0.18 and 0.74 eV 

below the conduction band, have been reported by Achtziger et al after the implantation 

of 51Cr in 4H-SiC also containing stable vanadium. The deep-level defect at EC – 0.74 eV 

vanished shortly after implantation [106]. The other two defects disappeared at a rate 

consistent with the decay of 51Cr [100] and are therefore believed to relate to a 

chromium in non-equivalent cubic and hexagonal lattice positions [105].  
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2.7 Defect characterization 

2.7.1 Introduction 

The electrical characteristics of semiconductors can be affected by even low levels of 

defect concentrations. Defects in semiconductors can be detrimental or beneficial to the 

operation of devices. For instance, defects are beneficial to devices in enhancing their 

operation by increasing the switching speeds by acting as recombination centres [107], 

but reduce the minority carrier lifetime in photovoltaic applications [108], which is 

detrimental to the device. Therefore, it is important to have a reliable and accurate 

technique to characterize the electrical properties of defects in semiconductors. 

DLTS is a powerful technique for characterizing electrically active defects in 4H-SiC, and 

will be described briefly in this section. 

2.7.2 Shallow level defects and deep-level defects 

Metals, semiconductors and insulators are different from one another by the energy gap 

between the conduction and valence bands. This gap is the energy region that is free of 

electronic levels. Defects and dopants add states within the bandgap and thereby 

modify the semiconductor’s electrical conductivity. Electrically active defects have 

levels in the band gap that can capture or emit charge carriers to the valence and 

conduction bands. The behaviour of these defects is influenced by the position of the 

states in the band gap [109]. Electrically active defects can be classified into shallow and 

deep-level defects. 

2.7.2.1 Shallow level defects  

Shallow level defects have energy levels within a few tens of milli-electron volts from 

the semiconductor band edges (i.e. either the conduction band or the valence band) 

[109]. The shallow defects can be described using the effective mass approximation 

according to which the potential due to the defect is approximated by a coulomb 

potential leading to extended wave functions. Experimentally shallow level defects are 

often characterized by Hall effect measurements.  For more details about this section, 

see refs. [27, 110]. 
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2.7.2.2 Deep-level defects 

Deep-level defects are defects with highly localised wave functions. Their binding 

energies cannot be determined by the effective mass approximation [109]. Other 

techniques such as Green’s functions and density functional theory are used to 

determine the energy levels of deep-level defects [110]. Generally, these levels lie 

deeper in the semiconductor’s bandgap, however in some cases electronic levels are 

close to the band edges [27]. Despite these states lying close to the band edges, these 

defects are classified as shallow levels due to their localised wave functions.  Therefore, 

deep-level defects can be broadly defined as any levels that cannot be classified as 

shallow level defects [110].  

2.7.3 Emission and capture of carriers by trapping centres 

Deep-level defects that influences the electrical properties of a semiconductor can be 

described as an electron trap, a hole trap, a recombination centre or a generation centre, 

based on the nature of the interactions with charge carriers that are transferred 

between the defect and the conduction and valence bands. A hole trap is a deep-level 

defect that is full of electrons, and capable of having a trapped electron recombining 

with a hole [111]. Whereas, an electron trap is a defect level that has deficit of electrons, 

capable of capturing the electron from the conduction band. In neutral semiconductor, 

an electron trap is a defect for which the electron capture rate from the conduction 

band is much greater than the hole capture rate from the valence band (i.e. 𝑐𝑛 ≫ 𝑐𝑝). 

For a hole trap, the reverse is the case (𝑐𝑝 ≫ 𝑐𝑛). In contrast with the previous cases, a 

recombination centre has cn almost equal to cp [33, 107]. Figure 2.14 shows the four 

possible processes that can take place when deep-level interacts with the conduction 

and valence band. The four processes are represented by (1) to (4): 

(1) Here the deep-level defect captures an electron from the conduction band. The 

process is characterised by electron capture rate cn. 

(2) After electron capture, the deep-level defect can either emit the electron back to 

the conduction band (called electron emission en)  

(3) or it can capture a hole from the valence band (hole capture rate, cp)  
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(4) After hole capture, the hole can be emitted to the valence band (or (1) may 

occur). 

From Figure 2.14, a recombination event is the combination processes (1) and (3), and a 

generation event is (2) and (4). A defect where these processes occur is called a 

generation-recombination centre. The detail description can be found in ref. [33]. 

The kinetics of charge transfer between deep-level defects and the conduction or 

valence band is extensively discussed in refs.[33, 35, 36]. The capture cross section 𝜎𝑛 

and the electron capture rate 𝑐𝑛 are related according to Equation 2.51 [107] 

 𝑐𝑛 = 𝜎𝑛⟨𝑣𝑛⟩𝑛 2.51 

where 𝑛 is the electron concentration in the conduction band and ⟨𝑣n⟩ is the average 

thermal velocity of free electrons, which is given by 

 𝑣𝑛 = √
3𝑘𝑇

𝑚𝑒
∗

 2.52 

where k is the Boltzmann constant, T is the temperature in Kelvin and 𝑚e
∗  is the effective 

mass of the electron. 

A similar expression applicable to the hole capture rate 𝑐p in terms of the hole capture 

cross section 𝜎p and the thermal velocity of holes in the valence band 𝑣p. 

By applying the principle of detailed balance and considering carrier concentrations at 

thermal equilibrium, the thermal emission rate of electron deep-level defect to the 

conduction band as a function of temperature 𝑒n(𝑇) can be derived [107, 112, 113]. 

 𝑒𝑛(𝑇) =
𝑔0

𝑔1
𝜎𝑛⟨𝑣𝑛⟩𝑁𝐶𝑒𝑥𝑝 (−

𝐸𝐶 − 𝐸𝑇

𝑘𝑇
) 2.53 

where 𝑔0 𝑔1⁄  is the degeneracy between empty and filled energy levels, 𝐸𝐶 − 𝐸𝑇  is the 

activation energy of the deep-level defect and 𝑁𝐶  is the effective density of states in the 

conduction band  
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 𝑁𝑐 = 2𝑀𝐶 (
2𝜋𝑚𝑒

∗𝑘𝑇

ℎ2
)

3
2

 2.54 

where 𝑀𝐶  and h represent the number of conduction band minima and Planck’s 

constant, respectively. 

 

Figure 2.14: The schematic diagram of different carrier transitions between deep-levels 

and the energy bands. (1) electron capture, (2) electron emission, (3) hole capture, and (4) 

hole emission. (Redrawn from ref. [33]). 

 

From Equation 2.54, the product of quantities 𝑁C and ⟨𝑣n⟩ has a T2 dependency. If en is 

measured as a function of temperature, an Arrhenius plot of ln(𝑒𝑛 𝑇2⁄ ) as a function of 

1 𝑇⁄  gives a straight line from which the apparent capture cross section of the 

defect, 𝜎na, can be calculated from the intercept (𝑇−1  =  0) and the activation energy of 

electron emission from the deep-level defect, 𝐸C − 𝐸T, is determined from the slope. The 

capture cross section determined is an apparent capture cross section. The true capture 

cross section is determined by measuring capture rates directly and may be 

temperature dependent [114]. 

If capture cross section is temperature dependent due to a capture barrier, the capture 

cross section at temperature T [33, 107, 114] 
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 𝜎𝑛 = 𝜎∞ exp [−
∆𝐸𝜎

𝑘𝑇
] 2.55 

where 𝜎∞ is the capture cross section as the temperature tends to infinity and ∆𝐸𝜎 is the 

thermal activation energy of the capture process, which is also called the capture 

barrier. The likely cause of temperature dependence of the capture cross section for 

many deep-level defects may be as a result of multiphonon emission due to lattice 

relaxation [111, 115]. The temperature dependence of the true electron capture cross 

section can be calculated from the plot of ln 𝜎(𝑇) as a function of 1 𝑇⁄ , where the ∆𝐸𝜎 

can be determined from the slope and 𝜎∞ can be obtained after extrapolation to 𝑇 = ∞. 

The activation energy of a deep-level defect whose capture cross section is dependent 

on temperature is given by 

 ∆𝐸𝑎 = (𝐸𝐶 − 𝐸𝑇) + ∆𝐸𝜎 2.56 

From Equation 2.56, the thermal emission rate of electrons can now be re-written as 

 𝑒𝑛(𝑇) =
𝑔0

𝑔1
𝜎𝑛⟨𝑣𝑛⟩𝑁𝐶 exp (−

(𝐸𝐶 − 𝐸𝑇) + ∆𝐸𝜎

𝑘𝑇
) . 2.57 

The parameter, ∆𝐸𝑛, is the energy required to excite an electron from the trap level to 

the conduction band, which is called the Gibbs free energy, given by [116] 

 ∆𝐸𝑛 = ∆𝐻𝑛 − 𝑇∆𝑆𝑛 2.58 

where ∆𝐻 is the change in enthalpy, ∆𝑆 is the change in entropy and the temperature is 

𝑇. Re-writing Equation 2.57 and substituting into Equation 2.58, it follows that 

 𝑒𝑛(𝑇) =
𝑔0

𝑔1
𝜎𝑛⟨𝑣𝑛⟩𝑁𝐶 exp (

∆𝑆

𝑘
) exp (−

∆𝐻𝑛

𝑘𝑇
) 2.59 

Therefore, the slope of an Arrhenius plot gives the activation enthalpy of the deep-level 

defect, and not the free energy. The free energy can be calculated from optical 

measurements [107]. 
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The apparent capture cross section and the activation energy are referred to as the 

defects “signature”. One of the techniques that can be used to determine the signature of 

a defect from thermal activation of charge carriers is DLTS. This technique will be 

considered briefly in the following Section. 

2.7.4 Deep-level transient spectroscopy 

DLTS is a powerful technique that can be used to investigate and characterize the 

electrically deep-level defects in the space charge region (depletion region) of a 

semiconductor. This technique was invented by D. V. Lang in 1974 [111], and involves 

probing the depletion region of a Schottky barrier diode, a p-n junction, MIS or MOS 

device structure. DLTS plots a graph, usually a series of peaks, showing the emission of 

carriers from defects as a function of temperature. The peak’s sign indicates whether 

the deep-level trap is due to minority- or majority-carriers, and the peak’s position is 

determined by the rate window of the instrument and the temperature dependent 

thermal emission of the corresponding deep-level trap [111]. This technique is fast, 

sensitive and not difficult to analyse [111]. This powerful tool can be used to determine 

the signature (the activation energy and the capture cross-section) and concentration of 

deep-level traps. 

According to Equation 2.10, the depletion width of the depletion region of a Schottky 

barrier diode or p-n junction varies with the applied bias voltage. The depletion width 

decreases if a forward bias is applied (𝑉 > 0), and vice-versa. According to Equation 

2.12, the relationship between the capacitance of a reverse-biased Schottky diode and 

the depletion width of the space charge region depends on the charge in the space 

charge region. This charge is due to the ionized deep-level defects and the dopants [107, 

117, 118]. The capacitance from Equation 2.12 is inversely proportional to the depletion 

width. 

Figure 2.15 depicts a SBD on an n-type semiconductor with a low concentration of deep-

level defects that introduces a deep trap with energy ET. At equilibrium, the defect level 

below the Fermi level is filled with electrons, but empty when above the Fermi level, 

which is in agreement with a step-function approximation of the Fermi distribution 

function. The shaded circles represent filled traps and the un-shaded circles represent 
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empty traps in Figure 2.15. The DLTS measurement involves a cyclical process which 

can be broken into 4 stages. 

Stage (a): Applying a steady-state reverse bias voltage, Va, as shown in Figure 2.15 

(a), leads to an increase in the depletion width, which affects the occupation of defects 

in the space charge region. An increase in the depletion width causes a decrease in 

capacitance. 

 

Figure 2.15: The variation of the depletion region width and trap occupation of an 

electron trap in an n-type semiconductor due to voltage bias and filling pulse during a 

DLTS measurement.[107]. 

Stage (b): Reducing the applied reverse bias by applying a majority carrier filling 

pulse, decreases the depletion width, causing an increase in the capacitance and allows 

electrons to be trapped by deep-levels. The pulse width at the stage (b) is assumed to be 

long enough to allow some of the empty levels to be filled.  

Stage (c):  Removing the applied filling pulse immediately leads to restoration of 

quiescent reverse bias. Since the electrons remain trapped in the deep-levels, the charge 

density in the depletion region is decreased compared to that in stage (a), this leads to a 

widening of the depletion region and a decrease in the capacitance. 
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Stage (d): At this stage, the filled deep-levels above the Fermi level in the depletion 

region begin to emit trapped electrons with a characteristic rate into the conduction 

band. The emitted carriers are removed immediately by the electric field in the 

depletion region [119]. This increases the charge density in the depletion region and 

causes the depletion width to decrease and the capacitance to increase. This change in 

capacitance is usually seen as an exponential decay.  

As discussed earlier from ref. [107], the emission rate for the electron can be 

determined experimentally from the time dependence of the capacitance transient. The 

density of the occupied traps, 𝑁(𝑡) at time t after removing the filling pulse is given in 

Equation 2.60 

 𝑁(𝑡) = 𝑁𝑇 exp(−𝑒𝑛𝑡) 2.60 

where 𝑒n is the thermal emission rate and 𝑁T is the concentration of traps filled by the 

filling pulse. If 𝑁T ≪ 𝑁D, the depletion width will not change significantly during the 

emission of carriers, therefore an exponential decay may be used to describe the 

emission of carriers from the depletion region. The junction capacitance, 𝐶(𝑡), of the 

Schottky diode is given by Equation 2.61 

 𝐶(𝑡) = 𝐶0 − ∆𝐶0 exp(−𝑒𝑛𝑡) 2.61 

where 𝐶0 is the capacitance at quiescent reverse bias voltage and ∆𝐶0 is the change in 

capacitance immediately after filling pulse was removed. 

The trap concentration, NT, can be calculated from the change in capacitance by 

applying Equation 2.12 

 𝑁T ≈ 2𝑁D

∆𝐶

𝐶
 2.62 

For the above derivation it has been assumed that the defect level is full in the bulk and 

empty in the depletion region. Figure 2.16 shows a more realistic model, where the 

deep-level defect intersects the Fermi level at a distance λ shallower than the depletion 

region edge, since the deep-level defect is much deeper in the bandgap than the dopant 
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level. Assuming constant dopant concentration, the region λ is independent of the 

depletion width and given by 

 𝜆 = √
2𝜀(𝐸𝐹 − 𝐸𝑇)

𝑞𝑁𝐷
 2.63 

where 𝜀 is the dielectric constant of the semiconductor, 𝑞 is the electron charge, 𝐸𝐹 is 

the Fermi level and 𝐸𝑇is the trap level. The DLTS measurement can only probe the 

region up to a distance λ before the depletion region edge. This condition should be 

 

Figure 2.16: Filling (top) and subsequent emission (bottom) of electrons from a deep-level 

in the depletion region, assuming a constant Fermi level. In the top sketch, the filling of 

the defect during the filling pulse is shown. Note that because of band bending and the 

depth of the defect level, the deep-level is filled to a depth λ shallower than the depletion 

region edge. The depletion region changes by an amount ∆w when the filling pulse is 

removed and the quiescent reverse bias is applied. (redrawn from ref [32].). 
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taken into consideration when using DLTS to determine the depth profile of deep-level 

defects or the electric field experienced by the deep-level defect. Refs [107, 111, 120] 

provide more details about DLTS depth profiling. 

2.7.3.1 Convectional DLTS 

It is important to understand how the DLTS transient signals are converted to a DLTS 

quasi-spectrum as a function of temperature [121]. According to the method described 

by Lang, the capacitance transient can be measured at two fixed instants (t1 and t2) after 

the filling pulse, and the signal C(t1)–C(t2) is plotted as a function of temperature (see 

Figure 2.17) [111, 114]. The emission process from individual deep-level defects is very 

slow at low temperatures and increases as the temperature increases. Therefore, the 

capacitance difference is small at low temperature, which corresponds to slow 

transients as well as at high temperature, which corresponds to fast transients. As 

shown in Figure 2.17, the peak in the spectrum corresponds to a time constant (τmax) 

defined by the selected times, t1 and t2, is given by: 

 
𝜏𝑚𝑎𝑥 =

𝑡1 − 𝑡2

ln (
𝑡1

𝑡2
)

 
2.64 

where 𝜏𝑚𝑎𝑥 = 𝑒𝑚𝑎𝑥  is the emission rate window.  

Since the emission rate is highly dependent on temperature, a thermal scan shows the 

presence of different traps at a particular temperature when the corresponding 

emission rates coincide with the rate window. Thermal scanning at different rate 

windows gives output that can be used to plot an Arrhenius plot and obtain the DLTS 

signature of a defect, which helps to identify DLTS peaks as well as the temperature at 

which they occur (see Figure 2.18).  

2.7.3.2 Laplace DLTS 

The outputs of early DLTS system that made use of double boxcar were prone to low 

signal-to-noise ratio transient. This double boxcar in standard DLTS was later replaced 

by lock-in amplifiers which led to reduction in noise, but the time constant resolution 

was still poor for the study of fine structure. The conventional DLTS technique 

inherently produces broad and it is not easy to separate different traps that have closely 

spaced emission rates. 
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Figure 2.17: The change in the shape of a DLTS transient with increasing temperature 

from bottom to top (left) and the DLTS signal obtained from the transients plotted versus 

sample temperature (right). Redrawn from ref. [111]. 

 

Figure 2.18: DLTS spectra obtained from a measured Ni/4H-SiC SBD from 240 to 350 K. 

The spectra were obtained using reverse bias of –5 V, pulse width of –1 V and at rate 

windows 2.5 to 200 s–1 [90]. 
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In summary, the standard DLTS discovered in 1974 by Lang has a poor time constant 

resolution and cannot separate two or more defects with closely spaced emission rates. 

Because of these shortcomings in standard DLTS, there is a need for a more powerful 

technique that will yield output with good time constant resolution and that can 

separate the closely spaced defects. In 1994, these shortcomings were overcome by 

high-resolution version of DLTS which was developed by Dobaczewski et al [119, 122]. 

The technique relies on digital signal processing of the output of the analog capacitance 

meter which is averaged over many transients in order to minimize the noise level. In 

contrast with traditional DLTS, this is done at fixed temperature. 

To quantitatively describe the multi-exponential nature of the capacitance transients 

due to a number of defect levels, assuming that the transient is composed of a spectrum 

of emission rates and is given by [116, 123] 

 𝑓(𝑡) = ∫ 𝐹(𝑠)𝑒−𝑠𝑡𝑑𝑠
∞

0

 2.65 

where 𝐹(𝑠) is the spectral density function. The Laplace transform of the true spectral 

function 𝐹(𝑠) represents the mathematical expression for the capacitance transient as 

given in Equation 2.65. To determine an actual spectrum of the emission rates in the 

transient, an algorithm that calculates an inverse Laplace transform of the function 𝑓(𝑡) 

is required. This produces a spectrum of delta-like peaks for multiple, mono-

exponential transients or broad spectrum with no fine structure for a continuous 

distribution [33]. 

Laplace DLTS produces intensity versus emission rate graph. The area beneath each 

delta-like peak is directly proportional to the concentration of the corresponding trap. 

Compared to conventional DLTS technique, Laplace DLTS gives an order of magnitude 

better energy resolution and has a good signal-to-noise ratio [33]. 

In conclusion, Laplace DLTS is the best technique so far that can separate traps or states 

with similar emission rates. 
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Chapter 3 

Experimental techniques 

3.1 Introduction 

This chapter describes all the procedures and instrumentation used in this study. 

Section 3.2 describes the sample preparation procedures such as cleaning, etching, 

ohmic and Schottky diode fabrication. Some methods by which deep-level defects could 

be introduced into devices and the annealing set-up are outlined in Sections 3.3 and 3.4, 

respectively. Also, Section 3.5 outlines the Schottky barrier diodes and defect 

characterization by current-voltage, capacitance-voltage, DLTS and high-resolution 

Laplace DLTS. 

3.2 Sample preparation 

The samples used for this study were cut from homoepitaxially grown, nitrogen-doped, 

n-type 4H-SiC wafers supplied by Cree Research Inc. The epilayer was grown by 

chemical vapour deposition (CVD) on the Si-face of the SiC substrate, which had a net 

doping density of 1×1018 cm–3 and resistivity of approximately 0.020 Ω-cm. Epilayers 

with fixed doping densities in the range of 4.0×1014 to 1.9×1016 cm–3 were grown on 

separate substrate wafers. 

3.2.1 SiC cleaning and etching 

Prior to the fabrication of ohmic and Schottky contacts on the samples, cleaning and 

etching were carried out. Chemical cleaning and etching of samples play major roles in 

the performance and the efficiency of microelectronic devices [1]. The cleaning and 

etching of SiC was carried out in the following steps: 

(i) Degreasing: the samples were degreased by boiling for 5 minutes each in 

trichloroethylene, acetone and methanol, followed by rinsing in de-ionized 

(DI) water. This was carried out so as to remove the dirt and dust particles. 

(ii) Etching: the samples were etched in 40% hydrofluoric acid for 30 seconds, so 

as to the get rid the native oxide layer that might present. 
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(iii) The samples were rinsed in DI water, and followed by blow drying with 

nitrogen gas before thermal fabrication of the ohmic contact. 

3.2.2 Ohmic contact fabrication 

Figure 3.1 shows a schematic diagram of a resistive evaporation system. The resistive 

evaporation system is used to evaporate metals that have a melting point below 

1600 °C. The whole system was under vacuum, and the sample was mounted about 0.3 

m above the crucible. Current was passed through the crucible which heats the metal 

(e.g. Ni) to be evaporated to its melting point (e.g. 1445 °C in the case of Ni). The molten 

metal evaporated and deposited onto the sample. The deposition rate was controlled by 

adjusting the current and monitored by a crystal monitor.  

Immediately after the cleaning and etching, the samples were loaded into the resistive 

evaporation system, which was pumped down to a pressure of ~10–6 mbar. The nickel 

ohmic contacts with the thickness of 3000 Å were deposited at rate in the range of 0.4 to 

1.0 Å.s–1 onto the highly doped (1×1018 cm–3) back surface of the samples. Thereafter, 

the ohmic contacts were annealed in a tube furnace under the flowing argon at 950 °C 

for 10 minutes to form nickel silicides [2]. The annealing after evaporation of the ohmic 

contacts helps to improve the contacts by reducing the barrier height, hence lowering 

the resistivity [3]. The argon ambient was chosen for the annealing to prevent the 

oxidation of the nickel, and thereby reduced the interfacial layer between the SiC and 

the nickel. 

3.2.3 Schottky barrier diode fabrication 

Prior to the fabrication of Schottky contacts, the samples with annealed ohmic contacts 

were cleaned again by the cleaning procedure described in Section 3.2.1, but the 

samples were rinsed in an ultrasonic bath for 3 minutes in each chemical. The Schottky 

contacts used in this study were either fabricated by resistive evaporation or electron 

beam deposition techniques. 

The schematic diagram of the electron beam deposition is shown Figure 3.2. During 

electron beam deposition, a beam of electrons emitted from a hot filament was focussed 

on the metal to be evaporated, which is placed in a crucible. These electrons were 

accelerated by a high voltage and bent toward the metal by a magnetic field. The rate of 

metal deposition onto the samples depends on the current supplied to the filament and 
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the melting point of the metal. This technique can deposit metal with either low or high 

melting point, but its disadvantage is in the introduction of defect(s) into the fabricated 

devices. 

Ni contacts of thickness of 1000 Å were deposited through a metal contact mask with 

holes of diameter ~0.6 mm onto the epitaxially grown side of the samples. The resistive 

evaporation technique was employed mainly because it does not introduce defects in 

measurable quantities. 

 

Figure 3.1: Schematic diagram of the resistive deposition system that was used for ohmic 

and Schottky contact fabrication [4]. 
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Figure 3.2: Schematic diagram for electron-beam evaporation system[5]. 

3.3 Introduction of defects 

Defects can be introduced into the devices in many ways. In this study, an americium-

241 source, a strontium-90 source and an electron beam deposition system (with and 

without actual deposition of material) were used. 

3.3.1 Alpha particles from Americium-241 (Am-241) 

Some of the samples used were irradiated with alpha-particle with energy of 5.4 MeV 

from an Am-241 radionuclide source. An Am-241 radionuclide foil was placed on top of 

the Schottky barrier diodes in such a way that the emitted alpha-particles were directed 

towards the diodes as shown in Figure 3.3b. The fluence rate of the alpha-particle 

source used was 7.1× 106 cm–2.s–1. The irradiation was performed at room temperature 

(~300 K). 
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Figure 3.3: Schematic diagram of the samples before (a) and during (b) irradiation with 

high-energy particles. 

3.3.2 High-energy electrons from Strontium-90 (Sr-90) 

The strontium radionuclide source was used to bombard some of the samples used in 

this research. The Sr electron source used was disc-shaped with a diameter of 8.4 mm 

and an activity of 20 mCi. The Sr-90 radionuclide (half-life of 28.5 years) decays first to 

yttrium (half-life of 64.1 hours) with the emission of a 0.5 MeV electron. The yttrium 

then decays by the emission of a 2.27 MeV electron to zirconium. The energy 

distribution of the electrons emitted from the Sr-90 source is shown in Figure 3.4. From 

this figure, it is clear that ~70% of the total number of emitted electrons have energies 

above 0.25 MeV, the threshold energy for electrons to produce defects by elastic 

collisions [6]. The samples were placed ~1 mm below the surface of the radioactive disc 

during the irradiation in order to ensure that the particle flux reaching the sample at 

this position is the same as the flux that leaves the source’s surface. The total electron 

flux emitted was determined from the activity of the Sr-90 source. Because the half-life 

of strontium is much longer than that of yttrium, each Sr-90 decay results in the 

emission of two electrons. This total fluence is equal to the area below the curve (Sr + Y) 

in Figure 3.4. The irradiation was done at room temperature (~300 K) at a flux of 7×109 

electrons-cm–2.s–1. 
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Figure 3.4: Energy distribution of electrons emitted by a Sr-90 radionuclide. The strontium 

and yttrium contribution has been displaced by an amount indicated by the arrow, for 

clarification [6]. 

3.3.3 Electron-beam deposition and exposure  

Metallization is a very important processing step in microelectronics and photovoltaic 

industries. Electron-beam deposition (EBD) is one of the popular techniques for 

fabrication of ohmic and Schottky barrier contacts, as described in Section 3.23. Auret et 

al [7] and Coelho et al [8] have reported that metallization procedures such as EBD and 

sputtering deposition, induce defects at and close to the metal-semiconductor junction 

of Si and Ge [9]. These defects influence the performance of the devices and alter the 

contacts’ Schottky barrier heights [10]. 

Tungsten Schottky contacts were fabricated onto 4H-SiC using electron beam 

deposition. After cleaning, the samples were quickly transferred into the vacuum 

chamber which was pumped down to pressure of ~10–6 mbar. The samples were first 

shielded from the source until W in the crucible had melted and started evaporating. 

The W SBDs fabricated were 0.6 mm in diameter and 400 Å in thickness and evaporated 

at a rate of ~0.2 Å.s–1. The electron beam deposition of W was achieved using a 10 kV 

source (MDC model e-Vap 10CVS) at ~240 mA, with samples placed 0.50 m away from 

the crucible. The relatively high beam current was required due to the high melting 
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point of W (3422 K). Upon heating, the vacuum dropped to ~1.2 × 10–5 mbar and was 

maintained at this pressure during the deposition. 

For electron beam exposure (EBE), i.e. exposure to electron beam deposition conditions 

without any actual deposition taking place, SBDs were fabricated in two stages: nickel 

Schottky contacts of thickness 100 Å were first deposited by resistive evaporation 

before the samples were quickly transferred to the electron beam deposition chamber. 

EBE of the samples was achieved also by using the same system described earlier (see 

also Auret et al [7] and Coelho et al [8]). The samples were exposed to EBE conditions 

for 50 minutes by heating tungsten in a crucible using a beam current of 100 mA [8]. 

This current was not enough to evaporate tungsten, but would have been sufficient to 

evaporate most other metals. During the entire procedure, the vacuum in the deposition 

chamber was reduced to 10–4 mbar by leaking in forming gas H15 (N2:H2 of 85%:15% 

by volume) [8]. Hereafter, the samples were removed and returned quickly to the 

resistive deposition chamber where additional Ni was deposited resulting in thickness 

of 1000 Å Schottky diodes at ~5 × 10–6 mbar by means of resistive evaporation, a 

process known not to introduce defects measurable by DLTS [8]. 

3.4 Annealing procedure 

As mentioned in Section 3.2.2, the annealing of ohmic contacts prior to fabrication of 

Schottky barrier diodes was carried out in quartz tube heated by Lindberg Hevi-Duty 

furnace. In some cases, the SBDs were also annealed before or after irradiation to know 

which defects anneal out or are introduced during the process.  

The furnace used in this study has a minimum and maximum temperature of 200 and 

1200 °C, respectively. The quartz tube was connected via a regulator to a cylinder 

containing the relevant gas. The temperature was monitored by a thermocouple placed 

in the tube at the same position as the sample and fine adjustments to the temperature 

were made by adjusting the position of the sample along the quartz tube. 

3.5 Electrical characterization 

Electrical characterization was carried out immediately after metallization. Current-

voltage (I-V) and capacitance-voltage (C-V) measurements were performed before and 
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after irradiation. Also, DLTS and Laplace DLTS were used to characterize the electrically 

active defects in the semiconductor before and after irradiation or annealing [11-13]. 

3.5.1 Room temperature current-voltage and capacitance-voltage 

measurements 

The I-V measurements were made using  an HP 4140 B pA Meter/DC Voltage Source 

that has ability to measure current with a sensitivity as low as 10–14 A. The C-V 

measurements were performed using an HP 4192A LF Impedance Analyzer using a 

frequency of 1 MHz over a bias voltage ranging from –12 V to 1 V. During 

measurements, the sample was mounted in a light tight metal enclosure to eliminate 

light and electrical noise. Figure 3.5 shows the schematic diagram of I-V and C-V 

measurements. 

The ideality factor, Schottky barrier height (for I-V and C-V), series resistance, net donor 

concentration, built-in voltage and reverse leakage current were deduced from the I-V 

and C-V measurements so as to determine the quality of the SBDs and the dominant 

current transport mechanism. The results obtained determined whether the SBDs are 

suitable for DLTS measurement or not. For SBDs to be suitable for DLTS measurement: 

(i) The Schottky barrier height should be high (greater than 1 eV). 

(ii) The ideality factor should be close to 1 (less than 2.0). 

(iii) The leakage current and series resistance should be low (less than 1 × 10–6 A 

and 100 Ω, respectively). 

(iv) The dissipation factor should be low (less than 0.1). 

These measurements were used to monitor the properties of SBDs after DLTS 

measurements, since SBDs tend to degrade during DLTS measurements due to 

mechanical stress and vibrations.  

3.5.2 Temperature dependent I-V and C-V measurements 

Room temperature I-V and C-V measurements were performed to confirm that the SBDs 

were of good quality before proceeding to temperature dependent measurements. 

The sample was placed under vacuum in a closed cycle helium cryostat and cooled 

down to 40 K. The I-V and C-V measurements were carried out in the temperature range 
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of 40 – 300 K under control of a program written in LabviewTM. The same parameters 

mentioned earlier were extracted at each measurement temperature.  

The temperature dependent I-V and C-V measurements were repeated after irradiating 

the SBDs with alpha-particle and high-energy electron of fluence 5.1×1010 and 6.0×1014 

cm–2, respectively. 

 

Figure 3.5: A block diagram of the I-V and C-V station for determining the electrical 

properties of SBDs [14]. 

 

3.5.2 Deep-level transient spectroscopy and high-resolution Laplace 

DLTS 

Conventional- and high-resolution Laplace DLTS measurements were performed by the 

same system, as shown schematically in Figure 3.6. This system was used to 

characterize deep-level defects present in the as-grown and irradiated samples in this 

study. The set-up is made up of the following instrumentation (details can be read in ref. 

[15]): 

(1) A closed cycle helium cryostat, on which the sample is mounted. The 

temperature was measured close to the sample using a GaAs diode and 

controlled by a Lakeshore 332 temperature controller driving a heater in the tip 
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of the cryostat. Using this system, a temperature range of 20 – 380 K could be 

achieved. 

(2) A Boonton 7200 capacitance meter with 100 mV, 1 MHz test signal is used to 

monitor the change in capacitance due to thermal emission after the excitation 

from the pulse generator. A capacitor decade box was connected to the “diff” 

terminals of the capacitance meter to offset the capacitance of the diode, thus 

allowing a more sensitive scale to be used. 

(3) A dedicated Laplace DLTS card manufactured by UMIST with an internal pulse 

generator and analogue to digital converter was used to perform the 

measurements. The desired quiescent reverse bias voltage and pulses [13] are 

applied by the Laplace DLTS card via the “DC Bias” input of the capacitance 

meter. The card is also used to record current-temperature and capacitance-

temperature measurements. 

(4) An HP 33120A 15 MHz arbitrary waveform generator replaced the built in pulse 

generator when shorter filling pulses were required. This pulse generator was 

triggered from the pulse generator on the Laplace DLTS card and provided 

pulses with rounded rising edges to avoid overshoot due to the inductors in the 

input filter of the capacitance meter [15]. 

(5) A national instruments GPIB interface card was used to control the temperature 

controller, capacitance meter and HP 33120A arbitrary waveform generator. 

In order to reduce noise, the sample was electrically insulated from earth by mounting 

it on a circular sapphire disk soldered to the top of the cold finger of the cryostat. Thin 

indium foil, placed between the sapphire and the sample, provided thermal contact. The 

indium foil also acted as an electrical contact to the ohmic contact of the sample. Probes 

made from beryllium-copper wire connected the Schottky barrier diode and on the 

indium foil to the rest of the circuit. 

All measurement parameters for both conventional and Laplace DLTS were set 

programmatically. This includes measurement temperature, bias conditions, and 

capacitance transient acquisition conditions. For conventional, temperature scanned 

DLTS, the capacitance transients measured by the capacitance meter were captured by 

the Laplace card and analysed using software-based boxcar averagers. Different rate 

windows (for multi-rate window scans) or two rate windows (for trap view scans) can 
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be used to produce the DLTS spectra. Throughout the measurements in this study, the 

samples were kept in dark and a good vacuum was maintained.  

For Laplace DLTS mode, the sample was kept at fixed temperature and multiple 

capacitance transients were recorded and averaged by the Laplace DLTS card to 

improve the signal to noise ratio. Hereafter a numerical inverse Laplace transform was 

used to analyse the exponential decay and provide an emission rate spectrum. Three 

different software routines; CONTIN, FTIKREG and FLOG [13], were available, but only 

CONTIN was used for measurements in this study. 

 

Figure 3.6: Schematic diagram of the DLTS and Laplace DLTS set-up used in this study [4]. 
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Chapter 4 

Results and discussion 

4.1 Introduction 

This chapter contains the results that have been published in various journals as well as 

manuscript to be submitted for publication. An article may be relevant to one or more 

sections or sub-sections in this chapter. 

The results and discussion chapter is divided into six major sections. Section 4.2 briefly 

describes the investigation of defects observed in as-grown n-type 4H-SiC and their 

assignment to specific structures. 

The deep-level defects induced into 4H-SiC after irradiation with high-energy particles, 

such as high-energy electron and alpha-particle irradiation, were reported in Section 

4.3. Also in Section 4.3, the effect of irradiation on the electrical properties of devices 

explained in detail. 

Section 4.4 reports on metallization induced defects in n-type 4H-SiC and compare them 

to defects in as-grown and high-energy particle irradiated material. 

The annealing of radiation induced defects in Ni/4H-SiC SBDs is reported in Section 4.5. 

Lastly, Section 4.6 presents temperature dependent current-voltage (I-V) and 

capacitance-voltage (C-V) measurements of Ni/4H-SiC SBDs. 

4.2 Defects in as-grown n-type 4H-SiC 

To carry out a meaningful and accurate study in characterizing the defects introduced 

intentionally by radionuclides or metallization, such as electron beam deposition or 

exposure, it is imperative to have knowledge of the defects present in the material prior 

to irradiation of the material. This study investigates the defects present in the material 

before irradiation and will serve as a baseline for the study of radiation- and process-

induced defects. 
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The study in this section was carried out on nitrogen-doped, n-type 4H-SiC of different 

doping densities (~4×1014 to 1.9×1016 cm–3) grown by chemical vapour deposition. 

However, the report will focus on the material with doping density of 7.1×1015 cm–3. 

The sample was characterized by current-voltage (I-V), capacitance-voltage (C-V) and 

deep-level transient spectroscopy (DLTS) after resistively depositing Ni for both ohmic 

and Schottky contacts. The thickness of the Ni ohmic contact and the Schottky barrier 

diodes was 3000 and 1000 Å, respectively, and the fabrication was done according to 

the experimental procedure described in Section 3.2. 

4.2.1 Current-voltage (I-V) and capacitance-voltage (C-V) 

characteristics 

The quality of the contacts was confirmed by I-V and C-V measurements at room 

temperature (300 °C). These properties were quantified in terms of ideality factor (n), 

Schottky barrier height (𝜙𝐼−𝑉,𝜙𝐶−𝑉), saturation current (Is), series resistance (Rs), net 

donor concentration (Nd) and built-in voltage (Vbi). 

Figure 4.1 shows the forward semi-logarithmic I-V characteristics of a Schottky barrier 

diode on as-grown 4H-SiC. A linear forward I-V relationship was obtained and fitted 

using the thermionic emission model to determine the electrical parameters, which are 

tabulated in Table 4.1. The ideality factor obtained was close to one, which shows that 

the thermionic emission process was the dominant current transport mechanism in the 

Schottky barrier diodes. The Schottky barrier height for I-V characteristics, 1.25 eV, was 

slightly lower than predicted value by the Schottky model (2.05 eV) [1], which indicates 

the presence of interface states. 

A plot of 1 𝐶2⁄  versus V for as-grown 4H-SiC SBD is shown in Figure 4.2. The most linear 

part was fitted with a straight line and extrapolated to the axis, and Nd, 𝜙C-V and Vbi were 

determined as tabulated in Table 4.1. 

The values of Schottky barrier heights determined from I-V and C-V measurements did 

not agree. This is in confirmation with what has been reported earlier by refs. [2-4]. This 

discrepancy may be attributed to inhomogeneous doping, deep impurity levels, surface 

inhomogeneity, interfacial layer and state and image force lowering [5]. 
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Figure 4.1: The forward semi-logarithmic I-V characteristics of an as-grown Ni/4H-SiC 

Schottky diode measured at room temperature (300 K). 

Table 4.1: Some electrical parameters of an as-grown Ni/4H-SiC Schottky barrier diode. 

n Is (A) Rs (Ω) Nd (cm–3) Vbi (V) 𝜙I-V (eV) 𝜙C-V (eV) 

 

Figure 4.2: 1 𝐶2⁄  as a function of voltage characteristics of as-grown Ni/4H-SiC measured 

at room temperature (300 K). 
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1.04 ~2×10–17 48 7.8×1015 1.07 1.25 1.36 

 

4.2.2 Deep-level transient spectroscopy (DLTS) measurements 

The device used in this section was fabricated by resistive deposition of Ni for both 

ohmic and Schottky contacts on 4H-SiC sample. This technique does not introduce 

defects in measurable quantity to the devices. After the electrical characterization by I-V 

and C-V measurements, the results obtained indicated that the diodes were of excellent 

quality, therefore DLTS measurements can be used with confidence to characterize the 

deep-level defects present in the devices. 

Figure 4.3 shows the DLTS spectrum of the as-grown Ni/4H-SiC diode. The spectrum 

revealed the presence of four electrically active defects which have been labelled E0.09, 

E0.11, E0.16 and E0.65. The signature and attribute of the defects obtained in as-grown 

Ni/4H-SiC were described in detail in Papers I and VII. It should be noted that the 

energy and capture cross-section of the same defect may differ between different 

papers in this chapter; however, the differences were within experimental error. 

 

Figure 4.3: DLTS spectrum obtained from as-grown Ni/4H-SiC SBD. The spectrum in the 

temperature range 52-350 K is scaled up by factor of 10. 
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4.2.3 Concluding remarks 

In this section, the electrically active defects present in the material prior to the 

intentionally introduction of defects have described. 

Resistive evaporation was used successfully for the fabrication of Ni ohmic and Schottky 

contacts on nitrogen-doped, n-type 4H-SiC. The diodes fabricated by this technique 

were of good quality with ideality factor very close to one (1.04). In as-grown devices, 

four electrically active defects with energies 0.06 - 0.10 eV, 0.11 - 0.12 eV, 0.16 - 0.18 eV 

and 0.65 - 0.70 eV were present in all the samples used in this study. These four defects 

were also observed after electron-beam deposition. 

4.3 Irradiation induced defects in 4H-SiC 

This section contains results relating to defects introduced in nitrogen-doped, n-type 

4H-SiC after bombardment with high-energy particles, viz. high-energy electron and 

alpha-particle irradiation, as well as the changes in electrical properties of the devices 

after the irradiation. Irradiation by high-energy electrons was performed by using a 90Sr 

radionuclide source, and the alpha-particle irradiation was carried out by an 241Am 

radionuclide source. 

4.3.1 High-energy electron (HEE) irradiation  

A 90Sr radionuclide source was used to intentionally introduce electrically active defects 

into n-type 4H-SiC after Ni ohmic and Schottky contacts had been deposited by means of 

resistive evaporation. Seven major electron defects (labelled E0.10, E0.12, E0.16, E0.22, E0.40, 

E0.65 and E0.71) were detected by DLTS after bombardment with HEE irradiation. 

According to their DLTS signatures, three of these defects (E0.22, E0.40, and E0.71) were 

related to HEE irradiation while the other four defects (E0.10, E0.12, E0.16 and E0.65) 

corresponded to previously observed defects in as-grown Ni/4H-SiC SBDs, as described 

in Section 4.2. Of the defects in the as-grown material, the concentration of defect 

attributed to nitrogen impurities (E0.10) increased significantly and the defect labelled 

E0.65 attributed to carbon vacancy increased by ~18% in concentration after irradiation. 

Therefore, it was concluded that these defects were also introduced by electron 

irradiation. In Paper II, the influence of HEE irradiation on I-V and C-V properties of M-S 

devices has been reported. The carrier removal rate of HEE irradiation was also 
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calculated to be 1.67 cm–1, which was ~4670 times lower than what has been reported 

after 5.4 MeV alpha-particles on the devices fabricated on the same material. 

A detailed about the influence of HEE irradiation on electrical properties of Ni/4H-SiC 

device is presented in Paper II. 

4.3.2 Alpha-particle irradiation induced defects in 4H-SiC 

After alpha-particle irradiation of n-type Ni/4H-SiC SBDs, six electron defects were 

observed by DLTS measurements in the temperature range 22 - 350 K. Two of these 

electrically active defects (E0.39 and E0.62) were introduced during bombardment, and 

the remaining four defects were related to defects observed before irradiation. In Paper 

I, defect labelled E0.09 that was attributed to nitrogen impurities occupy the cubic site in 

4H-SiC, significantly increased in concentration and transformed to E0.06 defect that 

occupy the hexagonal site after alpha-particle irradiation. In addition, the defect labelled 

E0.65 with energy 0.65 eV before irradiation increased by ~9% in concentration and had 

energy 0.67 eV after alpha-particle irradiation. 

The behaviour of the devices after irradiation was investigated at different fluences and 

reported in this study. An unexpected result was that an increase in fluence resulted in a 

decrease in leakage current which was attributed to a reduction in the electric field 

within the depletion region due to the removal of carriers. In addition, the carrier 

removal rate of 4H-SiC was calculated to be 6480 cm–1, after alpha-particle irradiation 

from fluences that ranged from 2.6×1010 – 9.2×1011 cm–2, which is much less than that of 

carrier removal rate of Si, 4×105 cm–1 [6]. This supported radiation hardness of SiC. 

Moreover, at higher fluence the devices were still of good quality. It was also observed 

that two of the shallow defects present in the as-grown material disappeared after 

irradiation even at low fluence (4.1×1011 cm–2). The defects reappeared after annealing 

in flowing argon at 300 °C for 20 minutes. 

Detailed discussions of these results are presented in Papers I, III, IV and VII. 

4.3.3 Concluding remarks 

Electrically active defects introduced during the irradiation by high-energy particles 

have been reported. The high-energy electron irradiation introduced three electron 

defects with lower carrier removal rate compared to the alpha-particle irradiation. HEE 
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irradiation also influenced two of the electrically active defects observed in the as-

grown. Two electron deep-level defects were introduced by alpha-particle irradiation 

with MeV energy from a 241Am radionuclide source. Two of the defects observed (E0.09 

and E0.65) in the as-grown material also increased significantly in concentration after 

irradiation. From the results obtained, it was deduced that, due to its radiation 

hardness, SiC promises to provide solutions to radiation damage of devices in 

aerospace, manufacturing industries, defence and radiation harsh environments. 

4.4 Electron-beam deposition and exposure 

It has been reported that metallization, such as electron beam deposition and sputtering 

deposition, do introduced electrically active defects in measurable quantities at and 

close to the metal-semiconductor junction in conventional semiconductors such as Si, 

Ge and GaAs [7-11]. These defects influence the performance of Schottky contacts on 

these materials. In this section, the research question is: Are process induced defects 

possible in wide bandgap and radiation hard materials such as SiC? 

4.4.1 Electron-beam (e-beam) deposition 

The e-beam deposition technique was used to deposit high melting point metals, such as 

Pt, W, Ir and Ru. In this section, defects induced by e-beam deposition will be compared 

to alpha and electron irradiation induced defects discussed in the previous sections. 

Understanding the nature of the process induced defects in SiC will help to develop 

procedures to control the defects based on their harmful or beneficial properties. 

The Paper V gives the details of process induced defects in W/4H-SiC Schottky barrier 

diodes and their electronic properties. 

4.4.2 Electron-beam exposure 

The term ‘electron beam exposure’ refers to the procedure when a sample is exposed to 

electron beam conditions without actual metal deposition. This technique was 

introduced with the aim of providing an answer to the question stated in Section 4.4. 

The electronic properties of defects induced by electron beam exposure during the 

manufacture of Ni/4H-SiC diodes by resistive evaporation of were reported. The defects 

induced in this process were compared to defects in as-grown Ni/4H-SiC diodes and 
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diodes bombardment with alpha-particles and high-energy electrons from an 241Am and 

a 90Sr source, respectively. 

The experimental procedure used for this section has been described in Chapter 3 of 

this thesis. Paper VI gives the details of the procedure before characterization of the 

electrically active defects induced during the process. 

Since the I-V and C-V characteristics of these samples were not presented in the Paper 

VI, they will be discussed below. 

Figure 4.4 shows the plots of forward semi-logarithmic I-V characteristics of Ni/4H-SiC 

SBDs for as-grown, after bombardment with alpha-particle and high-energy electron 

irradiation and electron-beam exposure conditions. These I-V characteristics were 

analysed by fitting a pure thermionic emission model to the linear region of the curves 

as shown in Figure 4.4. From the results obtained, the ideality factor obtained for the as-

grown diodes was close to one. The ideality factor increased after irradiation with 

electrons, irradiation with alpha particles and exposure to electron beam conditions, in 

this sequence. Thermionic emission was the dominant current transport mechanism in 

all cases with only slight deviations induced as a result of defects caused by the 

irradiation and exposure process. This deviation is probably due to interface states. At 

higher voltages, the curves show that series resistance dominated. The effect was 

greater for alpha-particle irradiated sample and least for the e-beam exposed sample, as 

shown in Table 4.2. 

Table 4.2: SBDs parameters obtained from I-V and C-V measurements on Ni/4H-SiC 

Schottky contacts as-grown, and after alpha-particle and high-energy electron irradiation 

and electron-beam exposure. 

Samples n Is  

(×10–18 A) 

Rs  

(Ω) 

Nd  

(×1015 cm–3) 

𝜙I-V 

(eV) 

𝜙C-V 

(eV) 

As-grown 1.04 16 48 7.2 1.24 1.26 

α-particle irradiation 1.07 3 70 6.7 1.29 1.36 

HEE irradiation 1.13 0.1 60 7.3 1.38 1.60 

E-beam exposure 1.26 66 13 7.7 1.21 1.38 
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The plots of 1 𝐶2⁄  as a function of reverse voltage are shown in Figure 4.5. The linearity 

of the plots indicated the formation of Schottky diodes [12]. 

It can be deduced from the results of I-V and C-V measurements that e-beam exposure, 

without metal deposition, resulted in degradation of Schottky contacts. 

 

Figure 4.6 shows the DLTS spectra obtained for as-grown, alpha-particle and high-

energy electron irradiated and electron beam exposed Ni/4H-SiC SBDs. All the samples 

revealed the presence of four electrically active defects with energies varying slightly 

for different processes, but within experimental error. The properties of these defects 

are reported in Papers I, II, III and VII. Alpha-particle irradiation introduced two defects 

labelled E0.39 and E0.70, and HEE irradiation introduced three defects labelled E0.22, E0.40 

and E0.70. The electrically active defects have been assigned and described in this study 

and in Paper VI. The defect labelled E0.22 has not been observed before. E-beam 

exposure induced two defects in Ni/4H-SiC SBD, E0.42 and E0.71, which have similar 

attributes to the defects introduced by high-energy particles, but in lower 

concentration. Furthermore, it is worth noting that it was concluded in the silicon 

 

Figure 4.4: A forward semi-logarithmic I-V characteristics of Ni/4H-SiC Schottky contacts 

for as-grown, alpha-particle and HEE irradiated and electron beam exposed sample, 

measured at 300 K. 
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carbide community that the electron trap with energy that varies from 0.61 to 0.71 eV 

below the conduction band minimum, (popularly known as Z1/Z2) has intrinsic nature 

and has been linked to the carbon vacancy [13]. 

 

Figure 4.5: 1 𝐶2⁄  as a function of voltage for Ni/4H-SiC Schottky contacts for as-grown, 

alpha-particle and HEE irradiated and e-beam exposure, measured at 300 K. 
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Figure 4.6: Conventional DLTS spectra of Ni/4H-SiC for as-grown, alpha-particle and HEE 

irradiated and e-beam exposed samples. 

4.4.3 Concluding remarks 

The results obtained have provided the answer to the question posed at the beginning 

of Section 4.4. It was demonstrated that electron beam deposition and exposure 

introduce defects in Ni/4H-SiC SBDs. Some of these defects are similar to those 

introduced by high-energy particle irradiation. The source of these electrically active 

defects is possibly due to the residual vacuum gases which were ionized around the 

filament and accelerated by the electric and magnetic field towards the 4H-SiC 

substrate. Due to the mass of the residual ions, their speed is much less than that of the 

electrons. In addition, their mass is also much greater than that of the electrons, so these 

ions are not deflected significantly by the magnetic field. Due to their heavier mass, 

these ions are able to induce damage when they collide with the sample. Other possible 

mechanisms have also been considered by Coelho et al [11]. Also, the exposure of 

samples to electron beam, without metal deposition, could be another mechanism of 

introducing defects E0.42 and E0.70/0.71 without high-energy particle irradiation. 
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4.5 Defect annealing 

Annealing at a specific temperature for a specific period may reduce the concentration 

or completely remove some defects introduced intentionally by irradiation or by 

processing. Furthermore, defect reactions during annealing in which some defect levels 

are removed and new levels appear may help in assigning the defect levels to specific 

structures. Also, annealing may modify a defect with no observable deep-levels to a new 

defect that is observable using DLTS. 

This paragraph highlights some salient points about the annealing of defects as 

observed and reported in Paper IV of this study. The dominance of series resistance 

observed in the I-V characteristics of Ni/4H-SiC SBDs after bombardment with 5.4 MeV 

alpha-particles with fluence of 8.9×1011 cm–3 was reduced after annealing at 300 °C for 

20 minutes. Also, the ideality factor of Schottky barrier diodes improved after annealing 

(i.e. from 1.77 to 1.15). In addition to our observation, annealing of severely irradiated 

samples for 20 minutes at 300 °C led to re-appearance of some shallow defects (labelled 

E0.11/0.12 and E0.16/0.17). It was observed in the un-irradiated and irradiated silicon 

carbide device. Details are discussed in Paper IV. 

Paper VII described annealing studies done to determine the thermal dynamics of both 

the as-grown and the irradiation induced defects in low doping density 4H-SiC. The 

SBDs were annealed after irradiation at temperatures ranging from 100 °C to 600 °C in 

steps of 100 °C under flowing argon gas. We observed that annealing of irradiated SBDs 

at 200 °C led to the recovery of net donor concentration, and no noticeable recovery 

was observed when the annealing extended to 600 °C. Also, three defects with energies 

of 0.42, 0.62 and 0.76 eV below the conduction band were clearly and distinctly 

appeared after the annealing at 200 °C. However, the levels annealed out at 400 °C. 

Details are in Paper VII. 

4.5.1 Concluding remarks 

Annealing of irradiated samples at 300 °C improved the electrical properties of Ni/4H-

SiC devices after severe radiation damage. Also, the irradiation induced defects in low 

doping density SiC were annealed out at temperatures below 600 °C. 
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4.6 Temperature dependent I-V and C-V 

measurements on 4H-SiC Schottky barrier diodes 

The interest of this section lies in the applications of wide bandgap materials (e.g. SiC) 

in low and high temperature environments (such as satellites and power electronics) as 

well as radiation fields. The in-depth study of electrical characteristics of silicon carbide 

devices at different temperatures and radiation conditions is technologically paramount 

for radiation sensing applications as well as manufacturing processes and high 

temperature and high power applications. Also, this study investigated the extent to 

which the performance and reliability of an M-S (say nickel-4H-SiC) device is affected by 

the quality of the junction between the nickel and the 4H-SiC. The barrier height of an 

M-S device is determined by the interface states as well as the difference between the 

energy levels of the majority carriers on either side junction [14]. 

In this section, I-V and C-V measurements were carried out at temperatures ranging 

from 40 to 300 K for as-grown, alpha-particle irradiated (fluence 5.1×1010 cm–2) and 

high-energy electron irradiated (fluence 6.0×1014 cm–2) samples. 

The samples used for this study were first characterized at room temperature (300 K). 

The electrical properties were extracted from a semi-logarithmic plot of the forward I-V 

and the 1 𝐶2⁄ -V plots obtained as shown in Papers I and II, and tabulated in Table 4.2. 

These values were estimated according to the equations derived in Chapter 2 of this 

study. From these results, conclusions could be drawn that the devices were of good 

quality for the temperature dependent measurements, even though there was 

degradation of the SBDs due to the irradiation by alpha-particle and high-energy 

electron of the devices. 

In order to understand the ideal diode behaviour of the SBDs, analysis of experimental I-

V characteristics was performed using the thermionic emission model as described in 

Chapter 2. The typical forward I-V characteristics of the Ni/4H-SiC SBDs as quoted in 

Papers I and II indicate very strong temperature dependence at lower temperatures. 

The characteristics deviated from ideality at lower temperatures (below 120 K) for as-

grown and irradiated devices. Below 120 K, there was a gradual deviation from 
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thermionic emission theory. These deviations were due to the presence of 

inhomogeneity at the interface. 

The C-V characteristics as reported in Paper II showed that the Schottky barrier diodes 

fabricated were of good quality for both the as-grown and irradiated devices. In the 

temperature range 80-300 K, the C-V characteristics for both devices changed only 

slowly with decreasing temperature, however the changes occurred much faster at 

temperatures below 80 K. It was also deduced from the study that the net donor 

concentrations decreased with irradiation and temperature which is due to defects 

introduced by irradiation. 

4.6.1 Concluding remarks 

The ideality factor as well as Schottky barrier height of Ni/4H-SiC devices had strong 

temperature dependence at lower temperature. The deviation of the Richardson 

constants from theoretical value may be as result of barrier inhomogeneity at the metal-

semiconductor interface and some other factors such as crystal defects and potential 

fluctuation and the deviation has been described by a modified Richardson plot. In 

addition, the unreasonable large Schottky barrier heights obtained from C-V 

measurements at lower temperatures was because of the carrier freeze out that 

influenced the electric field, thereby affecting the depletion capacitance and the value of 

the built-in voltage on the voltage intercept. Furthermore, irradiation by alpha-particle 

and high-energy electron did not influence the mean barrier height, but influenced the 

modified Richardson constant. 
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ABSTRACT 

We have studied the defects introduced in n-type 4H-SiC during electron beam 

deposition (EBD) of tungsten by deep-level transient spectroscopy (DLTS). The results 

from current-voltage and capacitance-voltage measurements showed deviations from 

ideality due to damage, but were still well suited to a DLTS study. We compared the 

electrical properties of six electrically active defects observed in EBD Schottky barrier 

diodes with those introduced in resistively evaporated material on the same material, 

as-grown, as well as after high energy electron irradiation (HEEI). We observed that 

EBD introduced two electrically active defects with energies EC – 0.42 and EC – 0.70 eV 

in the 4H-SiC at and near the interface with the tungsten. The defects introduced by EBD 

had properties similar to defect attributed to the silicon or carbon vacancy, introduced 

during HEEI of 4H-SiC. EBD was also responsible for the increase in concentration of a 

defect attributed to nitrogen impurities (EC – 0.10) as well as a defect linked to the 

carbon vacancy (EC – 0.67). Annealing at 400 °C in Ar ambient removed these two 

defects introduced during the EBD. 

Keywords: 4H-SiC, defects, DLTS, annealing, electron beam deposition,  

1. Introduction 

 Metal-semiconductor (M-S) Schottky barrier diodes (SBDs) are widely used where 

diodes with low forward voltage drop, low capacitance and high switching speed are 

required [1]. The reliability of the SBDs is influenced significantly by the quality of the 

M-S junction [2]. The performance of devices can be quantified experimentally in terms 

of their ideality factor, Schottky barrier height, saturation current, series resistance and 

free carrier concentration. Among these properties of the M-S devices, SBH plays a 
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major role in the successful operation of many devices in transporting electrons across 

the M-S junction [3]. 

Silicon carbide (SiC) is a promising semiconductor with a wide bandgap of 3.26 eV [4]. 

The excellent properties of SiC such as high thermal conductivity, high breakdown field 

and high saturated drift velocity have drawn the interest of many researchers [5]. These 

characteristics make SiC a very good semiconductor capable of outperforming silicon in 

electronic devices for high-power, high-frequency and high-temperature applications 

[6]. SiC is a key material for the next-generation photonics [7] and a good candidate for 

electronic devices use in harsh radiation environments such as in aerospace, accelerator 

facilities and nuclear power plants [8-10]. 

In earlier studies, the properties of deep level defects introduced during alpha-particles 

irradiation, high energy electron irradiation (HEEI) and electron beam exposure have 

been reported [11-13]. It has been reported that metallization processes, such as 

electron beam deposition and sputter deposition, do introduced electrically active 

defects in measurable quantities at and close to M-S junction in conventional 

semiconductors such as Si, Ge and GaAs [14-17]. The defects introduced influence the 

performance of devices and may alter the barrier height of metal-semiconductor 

contacts [18-20]. Deep-level defects responsible for barrier alterations are formed when 

energetic particles strike the surface of semiconductor and interact with semiconductor 

creating interface states, while defects deeper in the semiconductor usually lead to 

levels in the band gap that trap and emit carriers. Defects may either be beneficial for or 

detrimental to device performance depending on the application. It has been known 

that the defects introduced during high-energy electron and proton irradiation of silicon 

increase in switching speed of devices [21]. To the best of our knowledge, no in-depth 

investigations regarding the deep level defects introduced in n-type 4H-SiC during the 

metallization process has been reported. 

In this paper, we report the electronic characteristics of deep level defects introduced in 

nitrogen-doped, n-type 4H-SiC during electron beam deposition (EBD) of W Schottky 

contacts. The defects introduced by EBD will be compared to the defects introduced 

after HEE of 4H-SiC. 
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2. Experimental procedure 

The samples used for this study were cut from homoepitaxially grown, N-doped, n-type 

4H-SiC wafers supplied by Cree Research Inc. The epilayer was grown by chemical 

vapour deposition on the Si-face of the SiC substrate, which had a net doping density of 

1×1018 cm–3 and resistivity of 0.019 Ω-cm. The epilayer had a doping density of 3.7×1014 

cm–3. 

Before metallization, the samples were degreased by boiling for 5 minutes each in 

trichloroethylene, acetone and methanol, followed by 1 minute rinse in de-ionized 

water. They were etched in 40% hydrofluoric acid for 30 seconds in order to remove 

the native oxide layer on the samples, and then rinsed in de-ionized water followed by 

blowing dry with nitrogen gas. Directly after cleaning, the samples were inserted into a 

vacuum chamber where Ni was resistively evaporated on the highly doped back 

surfaces to form an ohmic contact. The ohmic contact with a thickness of 300 nm was 

deposited at a rate of ~0.1 nm.s–1. The samples were annealed in a in quartz tube heated 

by a Lindberg Hevi-Duty furnace under flowing argon gas at 950 ̊C for 10 minutes to 

form nickel silicides [22] in order to reduce contact resistance. The samples were 

cleaned in an ultrasonic water bath for 3 minutes each in trichloroethylene, acetone and 

methanol followed by a 1 minute rinse in de-ionized H2O after the annealing of the 

ohmic contact [11]. 

Tungsten contacts, 0.6mm in diameter and 40 nm in thickness, were evaporated in an 

EBD system through a metal contact mask at a rate of ~0.02 nm.s–1. The EBD of tungsten 

was achieved using a 10 kV source (MDC model e-Vap 10CVS) and a beam current of 

~240 mA with samples placed ~50 cm away from the W crucible. A high beam current 

was required because of the high melting point of W (3422 °C). The vacuum of ~1.2 × 

10–5 mbar was maintained during the deposition.  

Ni Schottky contacts of thickness 100 nm were resistively evaporated (RE) through a 

metal contact mask on an identical sample at a deposition rate of 0.05 nm.s−1 under a 

vacuum of 5.0 × 10−5 mbar, which served as a control. 

In addition, the control samples were irradiated at room temperature with high energy 

electron (HEE) irradiation from a 90Sr radioactive source for 24 hours at fluence rate of 
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7 × 109 cm–2.s–1. The 90Sr radionuclide decays with the emission of a 0.5 MeV electron 

into yttrium which then decays to zirconium with the emission of a 2.3 MeV electron,. 

The emitted electrons from the electron source have a continuous energy distribution 

with approximately 70% of the total number of emitted electrons having energy above 

250 keV [23]. 

The electrical properties of devices fabricated by EBD were characterized at room 

temperature using a current-voltage (I-V) and capacitance-voltage (C-V) system 

comprising an HP 4140 B pA Meter/DC Voltage Source and an HP 4192A LF Impedance 

Analyzer, respectively. Thereafter, electrically active defects were characterized by deep 

level transient spectroscopy (DLTS). The SBDs fabricated by EBD were annealed in Ar 

ambient at the interval of 100 °C for 20 minutes to know the stability of the defects 

introduced during metallization. 

3. Results and discussion 

The forward and reverse I-V characteristics of W Schottky contacts deposited by EBD 

are shown in Fig. 1. Thermionic emission model was used to analyse the I-V 

characteristics of EBD of W/4H-SiC SBD. It was deduced from the I-V plot that 

thermionic emission dominated above ~0.55 V, measured at 300 K in the dark. At lower 

voltages (below 0.55 V), generation-recombination dominated. The effect of a series 

resistance was observed at the high voltage region of the plot. The electrical parameters 

that were extracted from I-V and C-V characteristics are tabulated in Table 1. From the 

results, a high value of ideality factor n was observed and was attributed to deviation 

from thermionic emission theory. The I-V Schottky barrier height 𝜙I-V obtained from the 

plot was 0.98 eV, which is slightly lower than the predicted value by the Schottky model 

(𝜙M – 𝜒 = 1.40 eV), which indicates the influence of interface states. From the inset of 

Fig. 1, the reverse current increased with voltage, but remained below 100 pA up to a 

reverse voltage of 80 V. It can be deduced from the I-V measurements that EBD 

degraded the Schottky contacts. 

Fig. 2 shows the plot of C–2 as a function of bias voltage, V for EBD of W/4H-SiC SBD. The 

Nd estimated was greater than the doping density of material. An increasing negative 

slope of the graph towards the interface is an indication of a decreased net doping 

density close to the interface. Both these effects indicated the presence of deep level 
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defects probably emanating from the EBD. The 𝜙C-V (1.68eV) obtained was greater the 

𝜙I-V (0.98 eV) which is probably due to deep impurity levels, but may also be due to 

surface inhomogeneity, interfacial layer or states, image force barrier lowering and edge 

leakage current [24].  

The I-V and C-V characteristics of the control SBDs before and after HEE irradiation 

were not compared to the SBD by EBD because metals have different influence on 

characteristics of devices. 

From the results of both I-V and C-V characteristics obtained, it is apparent that the 

rectification quality of the control and EBD Schottky diodes were of a reasonable 

electrical quality and were suitable for the analysis of DLTS. 

Figs. 3 and 4 depict the DLTS spectra of EBD of W/4H-SiC (a), RE deposition of Ni/4H-

SiC after HEE irradiation (b), and control RE deposition of Ni/4H-SiC (c). The DLTS 

spectra in Fig. 3 were obtained over the temperature range 22 – 360 K, at a quiescent 

reverse bias of −3.0 V, filling pulse of amplitude 0.5 V, width of 2.0 ms and at rate 

window of 10 s–1. Fig. 4 was obtained with the same conditions except with the 

quiescent reverse bias of −5.0 V and filling pulse of amplitude 4.0 V. The signatures of 

the electrically active defects present, namely their activation energy En and apparent 

capture cross section σn were determined from Arrhenius plots. The activation energy 

of each defect was determined from the slope and the corresponding apparent capture 

cross section was calculated from the intercept of the Arrhenius plot of log (T2/en) 

versus 1/T [25]. 

The spectra (c) in Figs. 3 and 4 revealed the presence of four electron deep levels 

labelled E0.10, E0.12, E0.16 and E0.67 (where ‘E’ refers to an electron trap and the subscript 

0.10 refers to an energy level below the conduction band in eV) in the as-grown Ni/4H-

SiC SBD. These levels were studied previously [11, 12, 26]. The conclusions related to 

these and other defects are summarised in Table 2.  

The spectra (b) revealed the presence of six electrically active electron defects after 

bombarding the Ni/4H-SiC SBD with high-energy electron. The defects were labelled 

E0.10, E0.12, E0.15, E0.40, E0.63 and E0.71, following the same naming convention as earlier. 

From the defect signatures as tabulated in Table 2, two of these defects (E0.42 and E0.71) 

were introduced by HEEI while the other four defects (E0.10, E0.12, E0.15, and E0.63) were 



122 
 

present in the as-grown diode. The concentration of defects E0.10 and E0.63 decreased 

after the HEEI and the activation energy of E0.63 reduced from 0.67 eV to 0.63 eV, but 

still within the experimental error. These defects were attributed to nitrogen impurities 

and carbon vacancy, respectively. We believe that the decrease in the relatively shallow 

E0.10, which is ascribed to nitrogen impurities [27], is due to a lowering of the Fermi 

level because of deep levels in the band gap. The decrease in the E0.63, which is ascribed 

to the carbon vacancy, could be due to some of the vacancies being filled by diffusing 

interstitials. It is noteworthy that despite the changes in DLTS biasing conditions (as 

revealed in spectra in Figs. 3 and 4), there was no visible changes in the concentration of 

the defects. 

The EBD spectra of W/4H-SiC SBDs for both measurement conditions are labelled (a) in 

Figs. 3 and 4. From Fig. 3, six electron deep level defects were present in the W/4H-SiC 

SBD deposited by EBD when measured at a quiescent reverse bias of −3.0 V, filling pulse 

of amplitude 0.5 V. The defects were also labelled as E0.10, E0.12, E0.16, E0.42, E0.67 and E0.70, 

with four defects (E0.10, E0.12, E0.16 and E0.67) corresponding to defects that have been 

observed in RE Ni/4H-SiC SBDs. The two defects (E0.42 and E0.70) were introduced as a 

result of metallization by EBD. The DLTS spectrum of EBD W/4H-SiC Schottky diodes 

measured at a quiescent reverse bias of −5.0 V and filling pulse of amplitude 4.0 V (Fig. 

4(a)) sampled a broader depth range under the contact, and revealed the presence of 

five electrically active defects. This included all the defects observed previously except 

E0.42. It is important to point out that defects introduced by EBD were at or close to the 

W/4H-SiC interface.  

By comparing spectra (b) and (c) in Fig. 3, it seems that HEEI reduced the peak height of 

E0.67 slightly and that of E0.10 significantly, while increasing the peak height due to E0.42. 

By comparing (a) to the other two spectra, it is clear that E0.42 was much less 

pronounced in (a) than in (b). This can be used to explain the lesser reduction of E0.10 in 

(b) compared to (a), if it is assumed that both processes introduce defects in roughly the 

same ratios. At first glance, the height of the E0.67 seems to be higher in (a) than in (b). 

However, if the skewed baseline of (a) is taken into account, the peak heights are very 

similar and no definite conclusions can be drawn. This is also the case for the spectra in 

Fig. 4. On both (a) and (b) spectra, the E0.70 peaks seem to have approximately the same 

size, it is therefore concluded that E0.70 is introduced in relatively greater proportions by 
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EBD than HEEI. The decrease in the peak heights of E0.42 and E0.70 in the EBD material 

with larger reverse bias demonstrates the limited depth range of the EBD defects. 

The structure of the electrically active defects introduced after electron beam 

deposition of W/4H-SiC SBD were identified by comparing them with the defects 

present after HEEI of Ni/4H-SiC SBD, of which the structures have previously been 

identified. The attribution of the electrically active defects observed in this study has 

been tabulated in Table 2. 

Finally, the thermal stability of EBD induced defects in W/4H-SiC was investigated. No 

noticeable changes were observed after annealing at 100 °C for 20 minutes. The 

concentration of defects labelled E0.42 and E0.70 started decreasing after the annealing at 

200 °C. After the annealing at 400 °C, the two electrically active deep levels associated 

with EBD were removed completely after approximately 20 minutes.  

4. Conclusions 

The quality of EBD of W on n-type 4H-SiC Schottky barrier contacts for DLTS has been 

investigated by I-V and C-V measurements. The I-V and C-V measurements of EBD 

diodes showed that EBD resulted in the degradation of the device due to the presence of 

deep levels introduced during the deposition. However these diodes were still suitable 

for the DLTS study. DLTS of the EBD deposited diodes revealed the presence of six 

electrically active defects with energies 0.10, 0.12, 0.16, 0.42, 0.67 and 0.70 eV below 

the conduction band minimum in EBD SBDs. Closely comparing these defects with 

defects present in the as-grown Ni/4H-SiC SBDs and after bombardment with high 

energy electron revealed that EBD introduced two electrically active deep level defects 

(E0.42 and E0.70) that have the same electronic properties as defects introduced by HEEI. 

These two electrically active defects with energies, EC – 0.42 and EC – 0.70 eV, possibly 

introduced as a result of the product of elastic collisions between 10 keV electrons and 

residual vacuum gases which were ionized around the filament and accelerated by the 

electric field towards the substrate. The two electrically active deep levels were 

removed after the annealing at 400 °C in Ar. 
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Table 

Table 1: Electrical parameters obtained from I-V and C-V of W/4H-SiC SBD deposited by electron beam. 

n Is (A) RS (Ω) Vbi (V) Nd (cm–3) 𝜙I-V (eV) 𝜙C-V (eV) 
2.50 6.2×10–13 158 1.68 5.4×1014 0.98 1.68 

Table 3: Electronic properties of defects introduced in n-type 4H-SiC during W EBD and HEEI of 4H-SiC 
SBDs 

Process Defect label ET (eV) σa (cm2) Defect ID References 

EBD E0.10 Ec – 0.10 1.4 × 10–13 N [27] 

 E0.12 Ec – 0.12 2.7 × 10–15 Ti [28] 

 E0.16 Ec – 0.16 2.9 × 10–15 Ti [29] 

 E0.42 Ec – 0.42 6.3 × 10–15 VC/Si [30] 

 E0.67 Ec – 0.67 9.9 × 10–15 Z1/Z2 (VC) [27, 31] 

 E0.70 Ec – 0.70 1.2 × 10–15 Z1/Z2 (VC) [27, 31] 

HEEI E0.10 Ec – 0.10 2.6 × 10–14 N [27] 

 E0.12 Ec – 0.12 8.4 × 10–16 Ti [28] 

 E0.15 Ec – 0.15 1.2 × 10–15 Ti [29] 

 E0.40 Ec – 0.40 3.0 × 10–15 VC/Si [30] 

 E0.63 Ec – 0.63 3.0 × 10–15 Z1/Z2 (VC) [27, 31] 

 E0.71 Ec – 0.71 2.7 × 10–15 Z1/Z2 (VC) [27, 31] 

Figures 

 

Fig. 1: The I-V characteristics of W Schottky contact 

to 4H-SiC deposited by EBD. The inset is the 

reverse I-V characteristics. 

 

Fig. 2: 1/C2 as a function of voltage for W Schottky 

contact to 4H-SiC deposited by EBD. The inset is the 

capacitance as a function of voltage. 
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Fig. 3: Conventional DLTS spectra of (a) W/4H-SiC 
deposited by EBD, Ni/4H-SiC deposited by RE (b) 
after HEEI and (c) as-grown. The spectrum in the 
temperature range 56-360 K is scaled up by a 
factor of 8. The DLTS measurements were obtained 
at a quiescent reverse bias of −3.0 V, filling pulse of 
amplitude 0.5 V, width of 2.0 ms and at rate 
window of 10 s–1. 

 
Fig. 4: Conventional DLTS spectra of (a) W/4H-SiC 
deposited by EBD, Ni/4H-SiC deposited by RE (b) 
after HEEI and (c) as-grown. The spectrum in the 
temperature range 56-360 K is scaled up by a 
factor of 8. The measurements were obtained at a 
quiescent reverse bias of −5.0 V, filling pulse of 
amplitude 4.0 V, width of 2.0 ms and at rate 
window of 10 s–1. 

 

 

Fig. 5: Arrhenius plots of electrically active deep level defects 
in EBD of W/4H-SiC and HEEI of RE of Ni/4H-SiC SBDs 
devices. The measurements were obtained at a quiescent 
reverse bias of −3.0 V, filling pulse of amplitude 0.5 V, width 
of 2.0 ms and at multi-rate windows. 
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PAPER VI: Electrical characterization of defects 

introduced in n-type N-doped 4H-SiC during electron 

beam exposure  

Ezekiel Omotoso, Walter Ernst Meyer, Francois Danie Auret, Sergio Manuel Martins 
Coelho, and Phuti Ngako Mahloka Ngoepe 

Solid State Phenomena, Trans Tech Papers 242 (2015): 427-433. 
doi: 10.4028/www.scientific.net/SSP.242.427  
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PAPER VII: Electrical characterization of 5.4 MeV 

alpha-particle irradiated 4H-SiC with low doping 

density 

A. T. Paradzah, F. D. Auret, M. J. Legodi, E. Omotoso, and M. Diale 

Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions 
with Materials and Atoms 358 (2015): 112-116 
doi:10.1016/j.nimb.2015.06.006  
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Chapter 5 

Conclusions 

Electrical characterization of process- and irradiation-induced defects in n-type 4H-SiC 

has been successfully achieved using the current-voltage, capacitance-voltage and deep-

level transient spectroscopy techniques. Conclusions specific to each of the 

experimental results have been presented in the Papers 1 to 7 or at the end of each 

section in Chapter 4. 

The qualities of the as-grown Ni/4H-SiC devices fabricated resistively were tested using 

I-V and C-V measurements. The devices were of good quality with ideality factor close to 

unity (1.04), the barrier height of 1.25 eV and reverse current of 10–14 A. The samples 

were also successfully characterized by deep-level transient spectroscopy which 

revealed the presence of four electrically active levels in the as-grown material with 

energies of approximately 0.10, 0.12, 0.16 and 0.65 eV below the conduction band 

minimum. 

The diodes fabricated by resistive evaporation were intentionally irradiated with alpha-

particle and high-energy electron irradiation at various fluences, and characterized by 

means of I-V and C-V measurements. The electrical properties of the samples deviated 

slightly based on the type of irradiation and fluence received. However, the diodes 

retained their good quality (ideality factor less than 2) much better compared to devices 

manufactured on conventional semiconductors (such as Si, Ge and GaAs). The 

electrically active defects present after irradiation were characterized by means of DLTS 

and high-resolution Laplace DLTS. The high-energy electron irradiation introduced 

three new defects with energies EC – 0.22, EC – 0.40 and EC – 0.71 eV that were not 

observed in the as-grown material and also caused an increase in concentration of 

defects with energies EC – 0.10 and EC – 0.65 eV present in as-grown SBDs. Two extra 

electrically active defects with energies EC – 0.39 and EC – 0.62 eV were present after 

bombardment with alpha-particles. The alpha-particle irradiation also caused a 

significant increase in the concentration of the defects with energies EC – 0.10 and EC – 

0.65 eV and also a slight change in their energies. Laplace DLTS was successfully used to 
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split defect with energy EC – 0.42 eV observed by conventional DLTS into EC – 0.39 and 

EC – 0.42 eV which were assumed to be due to the same defect. Also, the EC – 0.65 and EC 

– 0.70 with closely spaced emission rates were split by Laplace DLTS to three defects 

with energies EC – 0.65, EC – 0.70 and EC – 0.76 eV. The defects with energies EC – 0.39 

and EC – 0.40 eV were assigned to silicon or carbon vacancy which shows acceptor-like 

behaviour. While the defects with energy levels EC – 0.65, EC – 0.70 and EC – 0.76 eV 

were assigned to the carbon vacancy, an intrinsic defect. The structures of defects with 

energy levels EC – 0.22 and EC – 0.76 eV have not yet been confirmed. 

Electron-beam deposition (EBD) introduced two additional defects with energies EC – 

0.42 and EC – ~0.70 eV during the process of depositing high melting point metal (W) on 

4H-SiC substrate. The defects were characterized by DLTS and it was observed that the 

defects were close to the metal-semiconductor junction. Also, electron-beam exposure 

of the substrate with a thin metal layer to electron beam conditions without metal 

deposition induced two electrically-active defects similar to EBD. These electrically-

active defects with energies, EC – 0.42 and EC – ~0.70 eV, may be caused by the product 

of elastic collisions between 10 keV electrons and residual vacuum gases which were 

ionized around the filament and accelerated by the electric field towards the substrate. 

The assignments of these defects were determined by comparing their signatures with 

the defects introduced by high-energy particle irradiation, showing that EBD and EBE 

also introduce the EC – 0.42 and EC – ~0.70 eV (Z1/Z2) defects related to the carbon 

vacancy in 4H-SiC SBDs. 

The low-temperature I-V characteristics of 4H-SiC SBDs displayed strong temperature 

dependence. Thermionic emission was the predominant current transport mechanism 

at high temperatures (i.e. close to room temperature) while other forms of current 

transport mechanisms (such as generation-recombination) became dominant at lower 

temperatures. The Schottky barrier heights decreased and ideality factor increased with 

decreasing temperature. The decrease in barrier height in I-V measurements has been 

attributed to barrier inhomogeneities at the metal–4H-SiC interface. In contrast, 

unreasonably large barrier heights calculated from C-V characteristics at lower 

temperatures. This was attributed to the carrier freeze out that modified the electric 

field, thereby affecting the junction capacitance and the value of the built-in voltage as 

determined from the intercept on the voltage axis. Also, irradiation by high-energy 
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particles did influence the modified Richardson constant but had no effect on the mean 

barrier height of the devices. 

The main conclusion that can be drawn from this study is that silicon carbide has 

properties that make it very promising to provide solutions to frequent damage of 

devices used in aerospace, manufacturing industries, defence and radiation harsh 

environments. 

5.1 Further research 

 Characterization of defects introduced by the following: 

 proton and deuterium irradiation at different fluences 

 high energy and thermal neutron irradiation at different fluences 

 sputter damage of 4H-SiC at different energies 

 inductive coupling plasma etching of 4H-SiC  

 in situ low temperature irradiation and DLTS measurements to be carried 

out in the in-situ irradiation facility. 

 Identification of defects’ structure by photoluminescence, electron-paramagnetic 

resonance, positron annihilation, etc. 

 Annealing kinetics of defects in as-grown 4H-SiC. 

 Critical study of defects assigned to nitrogen impurities. 

 Temperature dependent I-V and C-V measurements at high temperatures. 
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Appendix B 

Deep level defects analyzed in 4H-SiC 

The Table B.1 show the summary of deep level defects observed and characterized by 

deep-level transient spectroscopy (DLTS) and high-resolution Laplace DLTS in 4H-SiC 

during this study after various processing and irradiation techniques. 
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Table B.1: Deep level defects observed and characterized in 4H-SiC during this study.  

Process Defect label ET (eV) σa (cm2) Defect ID 

 

Resistive 

evaporation 

E0.10 EC – 0.10 3 × 10–12 N 

E0.12 EC – 0.12 1 × 10–15 Ti 

E0.16 EC – 0.16 1 × 10–15 Ti 

E0.65 EC – 0.65 4 × 10–15 VC (Z1/Z2) 

 

 

Alpha-particle 

irradiation 

E0.10 EC – 0.10 2 × 10–12 N 

E0.12 EC – 0.12 1 × 10–15 Ti 

E0.16 EC – 0.16 3 × 10–15 Ti 

E0.39 EC – 0.39 2 × 10–15 VC/Si 

E0.61 EC – 0.61 5 × 10–15 VC (Z1/Z2) 

E0.70 EC – 0.70 6 × 10–15 VC (Z1/Z2) 

 

 

High-energy  

electron  

irradiation 

E0.10 EC – 0.10 1 × 10–16 N 

E0.12 EC – 0.12 4 × 10–12 Ti 

E0.16 EC – 0.16 1 × 10–15 Ti 

E0.22 EC – 0.22 2 × 10–17 ? 

E0.40 EC – 0.40 3 × 10–15 VC/Si 

E0.65 EC – 0.65 3 × 10–15 VC (Z1/Z2) 

E0.70 EC – 0.70 3 × 10–15 VC (Z1/Z2) 

 

 

Electron-beam 

exposure 

E0.10 EC – 0.10 1 × 10–11 N 

E0.12 EC – 0.12 2 × 10–16 Ti 

E0.16 EC – 0.16 2 × 10–15 Ti 

E0.42 EC – 0.42 5 × 10–15 VC/Si 

E0.66 EC – 0.66 4 × 10–15 VC (Z1/Z2) 

E0.71 EC – 0.71 1 × 10–15 VC (Z1/Z2) 

 

 

Electron-beam 

deposition 

E0.10 EC – 0.10 1 × 10–13 N 

E0.12 EC – 0.12 3 × 10–15 Ti 

E0.16 EC – 0.16 3 × 10–15 Ti 

E0.42 EC – 0.42 6 × 10–15 VC/Si 

E0.67 EC – 0.67 1 × 10–14 VC (Z1/Z2) 

E0.70 EC – 0.70 1 × 10–15 VC (Z1/Z2) 
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IBMM 2014 in Belgium 
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IBA 2015 in Croatia 
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SAIP 2015 in South Africa 
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ICDS 2015 in Finland 
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GADEST 2015 in Germany 

 




