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Investigation of electron-beam deposition and related damage in p-Si by 

means of Laplace and conventional deep-level transient spectroscopy 

Helga Tariro Danga 

The study of defects in semiconductors has been on-going for over 50 years. During this time, 

researchers have been studying the origins and identity of process induced defects, a task which 

has proved to be very demanding. While defects in silicon, the most widely used 

semiconductor, have been widely studied, there is more literature on n-type silicon than on p-

type silicon. Compared to n-type silicon, p-type silicon is challenging to work with when it 

comes to making good Schottky diodes. A good rectifying device is essential for the performing 

of electrical characterisation techniques such as deep-level transient spectroscopy. In spite of 

this challenge p-silicon cannot be ignored. Many of the electronic devices are a combination 

of both n- and p-silicon therefore the need to understand the electronic properties of both 

materials. 

In this thesis, defects introduced in p-Si by electron beam deposition (EBD) were investigated. 

In order to understand these defects better, defects introduced by conditions of electron beam 

deposition (EBD) without metal deposition, were investigated. This process will be referred to 

as electron beam exposure (EBE). Finally, the defects were compared to defects induced by 

alpha-particle irradiation. 

 

EBD defects, introduced during electron beam deposition (EBD) of titanium (Ti) contacts on 

p-Si were investigated. The Schottky contacts were annealed within a temperature range of 

200–400 oC. Current-voltage (I-V) measurements were conducted to monitor the change in 

electrical characteristics with every annealing step. Deep-level transient spectroscopy (DLTS) 

and Laplace-DLTS techniques were employed to identify the defects introduced after EBD and 

isochronal annealing of the Ti Schottky contacts. DLTS revealed that the main defects 

introduced during metallisation were hole traps with activation energy of 0.05 eV, 0.23 eV and 

0.38 eV. Depth profiles of these defects showed that the formed close to the interface within a 

depth of 0.4 µm. 

 

Defects induced by EBE were studied by exposing samples for 50 minutes after which nickel 

(Ni) Schottky contacts were fabricated using resistive deposition. Only one defect with an 

activation energy of 0.55 eV was observed. This activation energy is similar to that of the I-
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defect. DLTS depth profiling revealed that the defect could be detected up to a depth of 0.8μm 

below the junction, which is significantly deeper than EBD defects. 

 

Defects induced when p-Si was irradiated by alpha particles from a 5.4 MeV americium (Am) 

241 foil radioactive source with a fluence rate of 7×106 cm−2 s−1 at room temperature were 

investigated. After exposure at a fluence of 5.1×1010 cm−2, hole traps with the following 

activation energies were observed: 0.10 eV, identified as a tri-vacancy related defect, 0.33 eV, 

the interstitial carbon (Ci), 0.52 eV, a B-related defect and 0.16 eV. Low temperature irradiation 

experiments were also carried out using alpha- particles with the same fluence rate. 

Measurements were taken between 35 K and 120 K. The defect levels were at 0.10 eV, 0.14 

eV and 0.18 eV. These levels were attributed to the boron-substitutional vacancy complex, the 

mono-vacancy and a vacancy-related defect, respectively. We conclude that EBD and EBE 

induced more complex defects than those induced by alpha-particle irradiation. 

 

Key words: Schottky contact, defects, Laplace deep-level transient spectroscopy, p-type 

silicon, low temperature irradiation, electron beam deposition, alpha-particle induced defects, 

electron beam exposure  
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1 Introduction 

Silicon (Si) is the building block of much of the advanced technology of today. This is because 

Si is abundant, durable, stable and non-toxic. Moreover, Si processing is well controlled at the 

industrial level, and the electronic properties and defect physics of this element are theoretically 

well understood [1, 2]. 

 

Si has a large impact on the economy of the modern world and is of fundamental importance 

in the technological field, particularly in the solar cell industry. Due to the decreasing resource 

of fossil fuels and demand of reducing carbon emission during energy production, exploration 

of new clean energy is of great interest and fundamental importance [2]. There are other 

materials which can be used for solar cell fabrication for example gallium arsenide but Si solar 

cells using mono-crystalline, polycrystalline, or amorphous Si in the form of wafers or thin-

films still dominate the current photovoltaic market share. According to Sunil Kumar Singh, a 

lead semiconductor equipment analyst from Technavio, “Consumer electronic products have 

transformed substantially in recent times with vendors introducing new age electronic gadgets 

with smart features including touch displays, keypads, in-built memory-based appliances, and 

automated coffee machines. After these developments, the need for silicon wafers has become 

more evident as they are used in almost all the home appliances.”[3]. 

Although much work has been done on the electrical properties of defects in Si, there are still 

several loose ends that need to be tied. In literature, there are more reports on n-type Si than p-

type Si - this is because of the technical constraint of p-type material [4, 5]. Compared to n-Si, 

p-Si is challenging to work with when it comes to making a good rectifying Schottky diode 

device. For one to carry out electrical characterisation techniques such as deep-level transient 

spectroscopy (DLTS), a good rectifying device is essential. In spite of this challenge p-Si 

cannot be ignored. Many of the electronic devices are a combination of both n- and p-Si 

therefore the need to understand the electronic properties of both materials. 

Defects can be beneficial or deleterious to the electronic properties of semiconductors, 

depending on application. Defects are often unintentionally introduced into semiconductors 

during material growth. With most material growth methods defects are unavoidable. The study 

of defects in Si has been going on for over 50 years but an understanding of their nature and 



2 

 

existence is still not clear. The study of the electrical properties of defects has been helpful for 

the defect engineering field. Researchers have been able to determine useful characteristics of 

some defects for example the temperatures at which defects are eliminated or introduced into 

the material. A good example is rapid thermal annealing experiments with fast cooling rates 

carried out on Si wafers to investigate the influence of the free vacancy concentration on 

oxygen precipitation. By heating the wafers to above 1150oC, detectable concentrations of 

Frenkel pairs are created in the wafer bulk [6]. 

 

In this thesis, electron-beam deposition and radiation-induced defects were studied by means 

of conventional and Laplace-DLTS. Chapter 2 covers the theoretical aspects of the study. 

Chapter 3 gives an account of the experimental techniques used in this study. Chapter 4 gives 

a detailed discourse of the present work in the form of publications from 2016 to 2019. Chapter 

5 is the conclusion and a brief discussion on future work. 
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2 Theory 

This chapter presents some of the important background knowledge regarding Si and 

semiconductors in general. The crystal structure and electrical properties of Si as well as the 

theory of defects in semiconductors are discussed. There is also a brief discussion on defect 

introduction mechanisms in semiconductors. 

2.1 General properties of silicon 

In 1787 Antoine Lavoisier postulated about the existence of Si, the 14th element in the periodic 

table. The name silicon stems from the Latin word silex, meaning hard stone, describing its 

strong but rather brittle nature. Si is the eighth most common element in the universe and 

second most common in the Earth’s crust, with over 90% of the lithosphere composing of 

silicate minerals [1]. At room temperature, Si exists as amorphous or crystalline. Si single 

crystals have a greyish, metallic appearance as shown in Figure 2-1. 

 

 

Figure 2-1: A picture showing a 3 inch Czochralski-grown Si wafer used in this study. 

2.1.1 Crystal structure 

Si, a group IV element, crystallises in the diamond cubic lattice structure [2]. Each Si atom has 

four bonds, one to each of its four nearest neighbours as illustrated in Figure 2-2. This lattice 

structure can be constructed from two interpenetrating face-centred cubic lattices displaced 

from each other along the body diagonal by a distance equal to one-fourth of its length [3]. 
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Figure 2-2: The diamond structure of Si generated by Crystal Explorer 3.1, using data from 

the inorganic crystal structure data base taken from ref [1]. 

 

2.1.2 Growth methods 

The raw material for Si crystal is silicon dioxide (SiO2). SiO2 is reacted with C in the form of 

coke in an arc furnace at very high temperatures (approximately 1800°C) to reduce SiO2 to Si 

and CO. This forms metallurgical-grade Si (MGS) which has impurities such as Fe, Al and 

heavy metals at levels of several hundred to several thousand parts per million (ppm). The 

MGS is refined further to yield semiconductor-grade or electronic-grade Si (EGS), in which 

the levels of impurities are reduced to parts per billion (ppb) [3]. 

 Czochralski  

The design of this technique was based on pulling fibres of different metals from their melts. 

The obtained metallic wires proved to be single crystals. The results of these experiments were 

published by Czochralski in Zeitschrift für Physikalische Chemie in 1918 [4]. This method 

allowed him to obtain good quality single crystals of pure metals like Sn, Pb, Zn grown in air. 

Later on, a modified Czochralski method was adopted for crystal growth of semiconductors 

and oxides for electronic applications [5]. Figure 2-3 shows the Czochralski process. 
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Figure 2-3: Figure 2-3: The Czochralski method of growing Si [6]. 

 

 

 Float Zone 

The Float Zone (FZ) crystal growth method produces silicon crystals of higher purity and 

longer minority carrier lifetime compared to the Czochralski technique. These properties are 

beneficial to the solar cells giving value to the cells, PV modules and solar farms. However, 

there are also some extra costs associated with the feedstock needed for the FZ process, and 

although the crystal growth process is cheaper and more efficient than the dominating 

Czochralski crystal growth method, it seems that these overall benefits cannot fully compensate 

for the extra expenses of raw materials [7]. Figure 2-4 gives an idea of the float zone process. 
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Figure 2-4: The Float-zone method of growing Si [6]. 

 

  Epitaxy 

Epitaxy is the technique of depositing an ultra-pure mono-crystalline layer on a mono-

crystalline substrate [8]. The deposited film is called the epitaxial layer or epitaxial film. The 

epitaxial layer can be grown from gaseous or liquid precursors. The substrate acts as a seed 

crystal therefore the deposited film takes on the lattice structure and orientation of the substrate. 

The epitaxial growth technique enables the growth of a variety of crystals for device 

applications, having properties specifically designed for the electronic or optoelectronic device 

being made [3]. There are a variety of epitaxy techniques used for crystal growth. These include 

chemical vapour deposition (CVD), metal oxide chemical vapour deposition (MOCVD), liquid 

phase epitaxy (LPE) and molecular beam epitaxy (MBE) [3]. Figure 2-5 gives an idea of how 

the oxide-molecular beam epitaxy process is carried out.  
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Figure 2-5: Schematic of an oxide-MBE set-up that shows the epitaxial integration of 

perovskite-based oxides on Si by means of a means of metallic evaporation under oxygen 

[9]. 

 

2.1.3 The band structure of silicon 

A direct band gap semiconductor is a material where the conduction band minimum and 

valence band maximum occur at the same wave number 𝑘. What happens is that an electron 

moves from the conduction band minimum to the valence band maximum without a change in 

momentum and the energy lost in the transition can be emitted as a photon. A material in which 

the conduction-band minimum appears at a different point to the valence-band maximum, is 

called an indirect-gap semiconductor [10]. An electron in the conduction band minimum of an 

indirect semiconductor such as Si cannot fall directly to the valence band maximum but must 

undergo a momentum change as well as changing its energy. For example, it may go through 

some defect state 𝐸𝑇 within the band gap as depicted in Figure 2-6. In an indirect transition 

which involves a change in 𝑘, part of the energy is generally given up as heat to the lattice 

rather than as an emitted photon [3]. 
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Figure 2-6: Direct and indirect electron transitions in semiconductors : (a) direct transition with 

accompanying phonon and (b) indirect transition through a defect level [3]. 

 

 

Complete energy band diagrams of semiconductors are quite complex. The detailed energy 

band diagrams of silicon have been presented extensively in literature [3, 10, 11]. The value of 

the band gap of silicon at room temperature and under normal pressure is 1.12 eV [12]. 

2.1.4 Electrical properties 

Si is a Group 4 semiconductor. It can either be doped using Group 5 elements or Group 3 

elements, depending on whether n- or p-type Si [10] material is required. Adding dopants in 

controlled quantities to semiconductor materials increases either electron or hole concentration. 

If a Si atom is replaced by a boron atom, or another atom from column 3 of the periodic table, 

the impurity atom contributes only three valence electrons. These three electrons form valence 

bonds with three of the neighbouring silicon atoms. In the fourth bond there is a missing 

electron, or hole. An electron from a neighbouring bond may move into this hole with very 

little spending of energy, leaving a hole behind [13], as shown in Figure 2-7. 

  



10 

 

 

 

Figure 2-7:Visualisation of acceptor action of boron using the bonding model redrawn 

from ref [13]. 

 

2.2 Theory of metal–semiconductor junctions 

Metal-semiconductor contacts have been intensively studied since the 1960s. This was greatly 

encouraged by their importance in semiconductor technology, both as rectifying elements and 

as low resistance contacts [14]. The Schottky-barrier model describes the formation of a 

potential barrier at the interface between a metal and a semiconductor. [10].When a metal 

contact is evaporated onto the surface of a semiconductor, a potential barrier is formed at the 

metal–semiconductor interface. This is called a Schottky contact. In this work, only the case 

for a p-type semiconductor will be considered. 

2.2.1 The depletion region  

When a semiconductor is placed in contact with a metal, an electrical double layer is set up, 

either between the metal and the semiconductor, or in the semiconductor itself [15].The 

potential barrier which forms arises from the separation of charges at the metal-semiconductor 

interface such that a region without mobile carriers is formed and is referred to as the depletion 

region 𝑊. The earliest model put forward to explain the barrier height is that of Schottky and 

Mott. According to this, model the barrier results from the difference in the work functions of 

the metal, 𝜙𝑚 and the semiconductor, 𝜙𝑠 [16]. 
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Figure 2-8: Schottky barrier between a p-type semiconductor and a metal: (a) band 

diagrams before contact; (b) band diagram for the junction at equilibrium redrawn from 

[10, 17]. 
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2.2.2 Barrier formation 

The energy band diagrams for p-type material in the case where the metal work function, 𝜙𝑚 

is smaller than the electron affinity, 𝜒, and the two materials are separate as shown in Figure 

2-8(a). When the two are brought into intimate contact, electrons flow from the metal into the 

semiconductor until the Fermi level on the two sides are aligned. These electrons are minority 

carriers in the p-type semiconductor. After reaching the semiconductor they recombine with 

holes giving rise to a space charge layer of ionized acceptors as shown in Figure 2-8(b). The 

concentration of holes in the space charge region is very small compared to the acceptor 

concentration. Therefore, on the semiconductor side of the contact the space charge region 

consists of a depletion layer whose thickness 𝑊0 depends on the concentration of ionized 

acceptor atoms. Because the current in a p-type semiconductor is carried by holes we have to 

look for barrier for holes in the band diagram of Figure 2-8(b). The barrier height 𝜙𝐵 for holes 

is given by the relation  

 

 𝜙𝐵 = 𝜒 + 𝐸𝑔 − 𝜙𝑚 2.1 

 

where 𝐸𝑔 represents the band gap of the semiconductor. Looking at Figure 2-8, it can be 

deduced that, according to this theory, a metal–p-type semiconductor contact is non-rectifying 

if the metal work function is larger than the electron affinity. Experimental results have shown 

that a large majority of metal-semiconductor combinations form rectifying contacts with 

potential barriers. 

Moreover, Schottky barrier contacts on semiconductors in general have smaller barrier heights 

to p-type semiconductors compared to n-type semiconductors, which is why they are not 

frequently used in devices [16]. 

2.2.3 Reverse and forward bias 

For Schottky diodes on p-type material, forward voltage 𝑉 is when the semiconductor is biased 

positively with respect to the metal. Forward current increases as this voltage lowers the 

potential barrier 𝑉0 to 𝑉0 − 𝑉 and holes flow from the semiconductor to the metal. Of course, 

a reverse voltage increases the barrier for hole flow and the current becomes negligible that is, 

the Schottky barrier diode is rectifying, with easy current flow in the forward direction and 

little current in the reverse direction. We also note that the forward current in each case is due 

to the injection of majority carriers from the semiconductor into the metal. The absence of 
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minority carrier injection and the associated storage delay time is an important feature of 

Schottky barrier diodes. Although some minority carrier injection occurs at high current levels, 

these are essentially majority carrier devices. Their high-frequency properties and switching 

speed are therefore generally better than typical p-n junctions [3]. 

 

 

 

Figure 2-9: Energy-band diagrams of metal on p-type semiconductors under different 

biasing conditions. (a) forward bias (b) thermal equilibrium (c) reverse bias [10, 18]. 

 

2.3 Defect theory 

The fabrication and development of efficient semiconductor devices requires sufficient 

knowledge of the identity, nature and properties of the deep levels that are native and those 

which are induced in the semiconductor. Depending on the application of the semiconductor, 

defects can be detrimental to device operation or they may enhance the operation of the device. 

Defects with deep states in the band gap (𝐸𝑔) are usually referred to as traps, recombination 

centres, generation centres or deep level defects [19]. 

Defects in crystalline Si are often detrimental to devices notably affecting dopant diffusion 

during processing and finally causing leakage current. In general, defects are created as a 
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“response” of the crystals to strong “out-of-equilibrium” conditions generated by the processes 

used to fabricate the devices. More precisely, defects provide a solution to the system to lower 

its energy, to relax, from an excessively high-energy state toward a lower energy configuration. 

Consequently, it is important to know the characteristics of the defects to understand their 

origin. Knowledge of their features is also required to determine, on a quantitative basis, the 

effect of process parameters for example, annealing conditions, on their sizes and densities, 

thereby guiding the search for optimised process conditions [20].  
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2.3.1 Point defects 

Point defects are defects that are localised at or around a lattice point. Point defects include 

vacancies which are formed when an atom is missing from its lattice site and interstitials which 

occur when an atom is in an irregular position in the lattice structure [21]. There are also 

impurities which are foreign atoms found isolated inside the lattice [22] and Frenkel-pairs 

where a vacancy and an interstitial are in close proximity as shown in Figure 2-10. This occurs 

when an atom vacates its original position in the lattice and occupies an interstitial position in 

the crystal [23]. 

Using the Gibbs potential, defects can be classified as equilibrium defects or non-equilibrium 

defects: 

 Equilibrium defects decrease the free energy causing the material to be more 

thermodynamically stable. This is because their production results in an increase in 

configurational enthalpy. They usually arise in the lattice during material growth [24]. 

 Non-equilibrium defects increase the free energy causing the material to be less stable. 

The increase in enthalpy dominates the increase in entropy. In the presence of sufficient 

thermal energy the system will tend to minimise these defects, for example, irradiation 

induced defects [25]. 

Thermodynamics shows that the free energy of a crystal depends on its internal energy 𝐸, 

entropy 𝑆, temperature 𝑇, pressure 𝑃 and volume 𝑉. A decrease in self-interstitials and 

vacancies reduces the crystal’s internal energy because the crystal takes on a more ordered 

structure. From thermodynamics we find that the free energy, 𝐺 sometimes called the Gibbs 

free energy, is given by [26]  

 

 𝐺 = 𝑈 + 𝑃𝑉 − 𝑇𝑆. 2.2 

 

Leaving out the 𝑃𝑉 product, the free energy is proportional to the difference between the 

internal energy 𝐸 and 𝑇𝑆- a term proportional to the entropy. Assuming negligible change in 

volume, we do not consider the 𝑃𝑉 term in this work thus, Equation 2.2 can be written as 

 

 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 2.3 
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where ∆𝐻 is the enthalpy. The equilibrium state of the crystal corresponds to a minimum in the 

free energy which, at temperatures above 0 K, requires a certain amount of disorder. Recall 

that entropy is a measure of disorder. In other words, the most favorable free energy state of 

the crystal is a compromise between crystal perfection and disorder. 

 

 

Figure 2-10: Common point defects in semiconductors. Substitutional and interstitial 

defects involve a foreign atom, whereas self-interstitials are due to an original atom [23]. 

 

2.3.2 Capture and emission by electronic defect states 

Defect states may influence the mobility of charge carriers by scattering, and cause various 

features in the optical absorption and emission spectrum of the semiconductor. The most 

important electrical effect of deep levels in the band gap of a semiconductor is the emission 

and capture of charge carriers. These processes cause various transitory effects and cause 

defects to act as recombination and trapping centres, influencing the carrier lifetimes in 

semiconductors [27].  

The kinetics of emission and capture of carriers from defect levels has been discussed 

extensively in the literature [19, 28]. In this section, the case of a single level with two charge 

states in a non-degenerate semiconductor is discussed, similarly to the approach followed by 

[28].  
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Figure 2-11: Representation of electron (n), hole (p), emission (e) and capture (k) 

processes between level 𝐸𝑇 and the conduction and valence bands [28]. 

 

 

The probability per unit time 𝑘𝑝 that a defect captures a hole from the valence band and changes 

its charge state from B to S, is proportional to the concentration of holes in this band is given 

by 

 𝑘𝑝 = 𝑐𝑝𝑝 2.4 

 

where 𝑐𝑝 is the capture coefficient of the holes and 𝑝 is the hole concentration in the valence 

band. The capture coefficient 𝑐𝑛has the dimensions of volume per unit time and can be written 

as  

 𝑐𝑝 = 𝜎𝑝𝑣𝑡ℎ,𝑝 2.5 

 

where 𝜎𝑝 is the hole capture cross-section and 𝑣𝑡ℎ,𝑝 is the hole carrier velocity. 

The velocity corresponds to a thermal average obtained from 
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∗ 𝑣𝑡ℎ,𝑝
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3

2
𝑘𝑇 

 

2.6 

 

where 𝑚𝑝
∗  is the hole effective mass. 

Carrier emission from the defect to a band takes place with a probability per unit time 𝑒𝑝 for 

hole emission that is, S→B. The quantity 𝑒𝑝 depends on the number of empty states in the 

bands, equal to the total number of states minus 𝑝. However, 𝑝 is usually small compared to 

the number of empty states so that they can be neglected. Therefore, 𝑒𝑝 can be considered as 

independent of the free carrier concentration. 

The total rate, that is, the change in concentration per unit time, for the different processes are 

the products of the probability per unit time (𝑘𝑝, 𝑒𝑝) multiplied by the concentration s or b of 

the defect in the corresponding initial charge state (S or B). These rates are given by: 

 

 𝑘𝑝 = 𝑐𝑝𝑝𝑏 for hole capture 

𝑒𝑝𝑠 for hole emission 

 

2.7 

 

 

The coefficients 𝑐𝑝and 𝑒𝑝 are not independent since at thermal equilibrium, 𝑘𝑝
0𝑏0 = 𝑒𝑝

0𝑠0 (the 

superscript 0 indicates thermal equilibrium). By combining 2.4 and 2.7 we get 

 
𝑒𝑝 = 𝑐𝑝𝑝

𝑏0

𝑠0
 

 

2.8 

 

From Lanoo et al. [29] we know that the ratio 𝑠0 𝑏0⁄  is given by  

 𝑠0

𝑏0
= 𝛾 exp (

𝐸𝑇 − 𝐸𝐹

𝑘𝑇
), 

 

2.9 

 

where 𝐸𝑇 is the negative free energy of ionisation of the defect corresponding to the change in 

its charge state from B to S. The factor 𝛾 is the degeneracy factor equal to the ratio 𝑍(𝑆) 𝑍(𝐵)⁄  

where Z is the internal degeneracy [29]. To obtain a symmetrical expression for 𝑒𝑝 we write 
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𝑝0 = 𝑛𝑖  exp (

𝐸𝑖 − 𝐸𝑇

𝑘𝑇
). 

 

2.10 

 

 

Here 𝑛𝑖 is the intrinsic carrier concentration of the semiconductor and 𝐸𝑖 is the intrinsic Fermi-

level position. Substituting for 𝑝 and 
𝑏0

𝑠0 in Equation 2.8 we get 

 
𝑒𝑝 =

𝑐𝑝

𝛾
𝑛𝑖𝑒𝑥𝑝 (

𝐸𝑖 − 𝐸𝑇

𝑘𝑇
) 

 

2.11 

 

Equation 2.11 can be re-written by replacing 𝑐𝑝 with its expression from Equation 2.6 and also 

using the quantity 

 𝑛𝑖  exp (
𝐸𝑖−𝐸𝐹

𝑘𝑇
) = 𝑁𝑣 exp (

𝐸𝑣−𝐸𝐹

𝑘𝑇
),  

2.12 

 

where 𝐸𝑣 is the valence band limit and 𝑁𝑣 is the effective number of states in the non-

degenerate situation. The expression 

 
𝑒𝑝 =

𝜎𝑝𝑣𝑡ℎ,𝑝

𝛾
𝑁𝑣𝑒𝑥𝑝 (

𝐸𝑣 − 𝐸𝑇

𝑘𝑇
) 

 

2.13 

 

results from the thermodynamic considerations and the quantity 𝐸𝑣 − 𝐸𝑇 is the free energy of 

ionisation [29] of a hole in the valence band. Thus, equation 2.13 can be re-written as 

 

 𝑒𝑝 = 𝑣𝑡ℎ,𝑝𝜎𝑝𝑁𝑣exp (
∆𝑆

𝑘
) exp (−

∆𝐻

𝑘𝑇
).  

2.14 

 

 

Here the free energy has been split into its entropy part ∆𝑆 and its enthalpy part ∆𝐻. The 

degeneracy factor 1 𝛾⁄  has been included in the entropy. This defines the entropy and enthalpy 
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of ionization of holes from a given defect. In the following equation, the interest is on 

temperature dependence of 𝑒𝑝. Recall that 𝑁𝑣 behaves as 𝑇3 2⁄ , while 𝑣𝑡ℎ,𝑝 is proportional to 

𝑇1 2⁄ , which allows us to write 

 

 𝑒𝑝 = 𝑣𝑡ℎ,𝑝𝑇2𝜎𝑝(𝑇)exp (
∆𝑆

𝑘
) exp (−

∆𝑇

𝑘𝑇
).  

2.15 

 

If it is assumed that the capture cross-section of the defect is independent of temperature, it 

follows that an Arrhenius plot of ln (𝑒𝑛 𝑇2⁄ ) as a function of 1 𝑇⁄  should yield a linear 

relationship from which the defect’s energy 𝐸𝑇 and capture cross-section 𝜎𝑝 may be calculated. 

These two values are frequently referred to as the defect’s signature. The defect signature is 

one of the important parameters used to identify a defect during electrical measurements.  

It is, however, necessary to note that the capture cross-section calculated from an Arrhenius 

plot is subject to a number of assumptions, for example, that the capture cross-section of the 

defect is not temperature dependent. Therefore, the capture cross-section calculated from the 

Arrhenius plot is frequently referred to as the apparent capture cross-section and indicated by 

𝜎𝑝,𝑎 so as to distinguish it from the capture cross-section determined by more direct means. For 

the same reason the energy level of the defect calculated from the Arrhenius plot, might differ 

from values obtained under different conditions or by other techniques. The differences 

between values obtained using different techniques, might give important information about 

the nature of the defect involved [27]. 
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2.4  Defect introduction mechanisms 

There is a large overlap between process-induced defects and those produced during 

irradiation. In sputter deposition, for example, substrates are exposed to high energy electrons, 

heavy particle bombardment, x-ray and ultraviolet radiation [30]. 

2.4.1 Process induced defects 

A process-induced defect in a semiconductor can be defined as any defect, including point and 

an extended defects, that is introduced during operations such as epitaxial film growth, dopant-

diffusion, implantation and metallisation [30]. These defects have been reported extensively in 

the literature [20, 31-37]. 

 Electron beam deposition 

The electron beam deposition (EBD) method is used for the fabrication of metal contacts on Si 

for the purpose of electrical characterisation in the current study. In this technique a hot 

filament discharges electrons which are then accelerated by electric and magnetic fields onto 

the crucible containing the metal to be deposited. As a result, the metal melts and evaporates 

and energetic particles reach the semiconductor [38]. The deposition rate is controlled by the 

filament current. The EBD system can be used to deposit any metal but it may introduce defects 

on or below the surface of the sample on which the contacts are made. 

 Electron beam exposure 

Electron beam exposure (EBE) is a technique whereby a semiconductor material is exposed to 

EBD conditions without metal deposition. This technique was specifically used to investigate 

EBD induced damage. Energetic particles that cause EBD damage are present during EBE but 

interact directly with the semiconductor whereas during EBD this interaction mostly occurs via 

the metal used as a contact [39]. During EBE, without metal deposition, the samples are 

exposed for 50 minutes; while the beam heats a tungsten source using a beam current of 100 

mA, this current being insufficient to evaporate tungsten, thus exposing the samples to EB 

conditions comparable to those experienced during deposition.  
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2.4.2 Radiation-induced defects 

The term “radiation-induced defects” refers to relatively stable lattice imperfections, produced 

by high-energy particles [40]. Extensive studies on the influence of high-energy radiation on 

semiconductors [19, 29, 31, 41-43] have been carried out for over fifty years. Many of the 

investigations are concerned not only with general problems of semiconductor physics, but also 

with practical problems, for example, the study of the radiation stability of solar silicon cells 

used in space explorations [40]. 

When irradiation is carried out there are two types of damage: ionisation damage and 

displacement damage. Displacement damage is the focus in this work. 

When an energetic particle travels through a solid-state material it loses energy. The rate at 

which energy is deposited not only depends on the projectile mass but also on the target 

material’s mass and atomic number. For suitably high particle energies, the energy transferred 

during an elastic or inelastic nuclear collision may be large enough to knock an atom from its 

lattice site as shown in Figure 2-12. This creates a vacancy and an atom in the interstitial 

position. For Si, the exact configuration depends on the charge state of the point defect. These 

primary radiation defects are highly mobile at room temperature and will therefore move a long 

distance. These defects can either disappear from the material by recombination at the substrate 

or other sinks or become trapped by impurity atoms giving rise to more stable secondary defects 

or defect complexes [43]. 
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Figure 2-12: Illustration of lattice displacement after irradiation using a charged alpha-

particle [44]. 

 

Displacement damage in a semiconductor can have a significant impact on its electrical 

properties through the creation of stable radiation-induced defects which have one or more 

levels in the band gap [43]. Following displacement damage the following electrical 

degradation effects can be observed: 

 generation of electron-hole pairs by radiation-induced defects 

 recombination of electron-hole pairs by radiation-induced defects 

 trapping of carriers by radiation-induced defects 

 tunnelling of carriers 

After irradiation an increase in the resistivity is mostly observed, which results from a 

combination of two effects [45, 46]. Firstly, the removal of the free carriers due to either the 

removal of dopants from active lattice sites by interaction with the vacancies and interstitials 

created, giving rise to stable point defect complexes or to dopants at a neutral lattice sites. Well 

known examples for Si are the creation of the Group V donor-vacancy pairs or the creation of 

the interstitial boron (𝐵𝑖). Furthermore, the presence of deep level defects changes the charge 

balance in the material and through Fermi-Dirac statistics, the position of the Fermi level, 

which impacts on the free carrier density. The carrier removal rate, 𝐾𝑛 in n- and p-type Si has 

been studied by Pease et al. [47] and is defined by 
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 𝑛(Ф) = 𝑛(0) − 𝐾𝑛Ф, 2.16 

 

where 𝑛(0) and 𝑛(Ф) are the free carrier concentration before and after exposure to a fluence 

Ф. 𝐾𝑛 is a constant for low Ф, to first approximation, so that 𝑛 decreases linearly with the 

fluence. In addition it is about two times larger in p-type Si compared to n-type Si, for 1 MeV 

equivalent neutron or high-energy proton irradiation [47]. 
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3 Experimental Techniques 

In this chapter the experimental techniques used for sample preparation, contact fabrication, 

electrical characterisation and surface analysis are described. The Schottky contact electrical 

characterisation methods include: current-voltage I-V, capacitance-voltage (C-V) and deep-

level transient spectroscopy (DLTS). Surface topology analysis was carried out using atomic 

force microscopy (AFM).  

3.1 Sample preparation 

Before metallisation, Si was cut and cleaned using a chemical cleaning process to remove 

organic materials such as oils, waxes and fingerprints, ionic substances such as sodium and 

potassium, and trace metals [1]. Immediately after cleaning, metallisation follows to prevent 

further oxidation of the silicon surface. 

3.1.1 Silicon wafer cleaning procedure 

The cleaning steps were used sequentially as follows: 

(1) A three step degrease for the removal of dust particles and grease using: 

 Trichloroethylene (TCE) 

 Isopropanol 

 Methanol 

Samples were placed in an ultrasonic bath for 5 minutes for each degreasing step. 

(2) The samples were then etched in dilute 40% hydrofluoric acid (HF) for 1 minute. This was 

done to remove the native oxide, SiO2. 

(3) The samples were then dried using flowing Nitrogen gas. 

3.1.2 Schottky contact fabrication 

Immediately after the chemical cleaning procedure, Schottky contacts were fabricated on p-

type Si on the polished side through a mechanical mask with circular holes 0.60 mm in 

diameter. This was done by resistively depositing the metal of choice after evacuating the 

chamber to 2 × 10−6 mbar. The schematic diagram of the resistive deposition system is shown 



30 

 

in Figure 3-1. In this technique, a current flows through the crucible containing the metal to be 

deposited until the metal reaches its melting point. The metal then evaporates and deposits on 

the sample mounted above the crucible. The deposition rate is monitored by a crystal monitor 

and controlled by adjusting the current until the desired deposition rate is reached. The resistive 

deposition method is used for metals with low melting points that is, below 1600°C. In this 

study, the metals which were deposited using this method were aluminium and nickel. 

 

Figure 3-1: Schematic of the resistive deposition system set-up at the University of Pretoria. 

 

Schottky contacts with a thickness of 100nm were fabricated on Si wafers by evaporating 

Titanium on the polished side through a mechanical mask with circular holes 0.60 mm in 

diameter. The contacts were deposited using electron beam deposition. In this technique a hot 

filament discharges electrons which are then accelerated by electric and magnetic fields, onto 

the crucible containing the metal to be deposited. As a result, the metal melts and evaporates 

and deposits onto the sample. The deposition rate is controlled by the filament current. The 

EBD system can be used to deposit any metal but it may introduce defects on or below the 

surface of the sample on which the contacts are made. Figure 3-2 shows a schematic diagram 

of the EBD system. After metallisation of the sample, electrical characterisation techniques are 

carried out on it. 
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Figure 3-2: Schematic diagram of the EBD system at the University of Pretoria. 

 

 

3.1.3 Ohmic contact fabrication 

Indium-gallium eutectic was used as the ohmic contact. This was achieved by painting the back 

of the sample using the eutectic after Schottky contact fabrication. 

3.2 Electron beam exposure (EBE) 

The main aim of developing the EBE technique was to see if EBD induced defects can be 

introduced in a controlled way. Excessive exposure (time and beam current) would reduce the 

usefulness of diodes for further study thus putting a limit on how much damage could be 

introduced. Energetic particles that cause EBD damage are present during EBE but interact 

directly with the semiconductor whereas during EBD this interaction mostly occurs via the 

metal used as a contact [2]. 

Vacuum pumping was carried out by a dry pump in series with a turbo molecular pump and to 

lower the H2 concentration, tungsten (W) was evaporated in the chamber with the sample 

rotated away from the evaporation source. While the pre-deposition vacuum was typically 5 ×

10−7 mbar, this soon went up to approximately 3 × 10−6 mbar during the evaporation. As the 
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vacuum conditions vary greatly during EBD, forming gas H15 with a composition of 𝑁2:𝐻2 of 

85%:15% by volume was also used to raise the pressure in the vacuum chamber to 10−4 mbar 

which was kept constant during processing of selected samples. EBE of samples and EBD of 

contacts were fabricated using a 10 kV source (MDC model e-Vap 10CVS) with the samples 

positioned 50 cm above the crucible [3].  

During EBE, without metal deposition, the samples were exposed for 50 minutes; while the 

beam heated a tungsten source using a beam current of 100 mA. This current being insufficient 

to evaporate tungsten, thus exposing the samples to EB conditions comparable to those 

experienced during deposition. Gold and nickel diodes were used for all the other samples 

prepared for this study as it can be evaporated resistively, a process that is known to not 

introduce defects in concentrations measurable by deep-level transient spectroscopy (DLTS) 

[3]. 

3.3 Sample annealing 

Annealing can sometimes help reduce defects in semiconductors and in some cases introduce 

them. The purpose of the annealing is three-fold: Firstly, to achieve epitaxial growth or 

oxidation or during the fabrication of contacts, heating is necessary to obtain the required 

chemical reaction at the surface. Secondly, it is to increase the diffusion coefficient of some 

defect so that it has sufficient mobility to migrate the required distance during the time of the 

treatment. Thirdly, following irradiation of samples by high-energy particles which leads to the 

displacement of atoms from lattice sites, it is usually necessary that the damage should 

subsequently be removed. It is not so much a matter of making primary defects more mobile, 

but of allowing metastable configurations involving perhaps clusters of vacancies to dissociate 

and annihilate with interstitials which may be clustered elsewhere in the crystal [4]. 

The samples were annealed in a Lindberg Hevi-duty furnace in a quartz tube. A gas cylinder 

was connected to the tube so that it provided the required ambient – in this work argon was 

used. A thermocouple placed in the furnace just below the sample was used to monitor the 

annealing temperature. Argon was supplied at a constant rate of 2.0 ℓ/min for the whole 

annealing period. Figure 3-3 shows the set-up of the furnace. 
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Figure 3-3 A sketch of the annealing furnace used in this study at the University of Pretoria. 

3.4 Atomic force microscopy (AFM) 

From the time when atomic force microscopy (AFM) was developed in 1986 by Binnig many 

experimental studies on nano-scale phenomena have utilized atomic force microscopy (AFM) 

to image the atomic topography and measure interacting forces. AFM has been used in a variety 

of research fields including physics, chemistry, biology and engineering [5]. 

AFM uses a very small device called a cantilever, which is basically a tiny record player needle 

made of silicon. The machine taps the tip of this cantilever along the surface of the sample 

being characterised and generates an image based on the interactions of the cantilever tip with 

the sample. The movements of this cantilever are measured by bouncing a laser off the back of 

it and measuring how the deflection of the laser changes using a photo-detector. When the laser 

goes over a bump the laser will also move and a photo-detector which collects this light records 

this change [6]. Figure 3-4 gives a picture of the measurement set-up. 
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Figure 3-4: Illustration of the AFM set-up after reference [6]. 

3.5 Sample irradiation 

Contacts fabricated on the p-type Si samples were irradiated with alpha particles using an 

Americium 241 foil at room temperature with a fluence rate of  7 × 106 cm−2s−1. The sample 

was first irradiated for 30 minutes to a fluence of  6.4 × 109 cm−2. I-V, C-V measurements and 

DLTS were done after each irradiation. Figure 3-5 gives illustrates how the alpha-particles 

impinge on the sample. 
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Figure 3-5: diagram showing alpha-particle irradiation of a silicon sample. 

3.6 Electrical characterisation techniques 

Current-voltage (I-V) and capacitance-voltage (C-V) measurements were conducted on the 

samples to monitor the quality and electrical characteristics of the diodes while annealing of 

the samples was carried out. Deep-level transient spectroscopy (DLTS) was used to 

characterise the defects in the semiconductor band gap after annealing, irradiation and electron 

beam exposure. 

3.6.1 Current-voltage measurements 

The I-V measurement technique is ideal for checking the quality of the Schottky contacts on 

each sample after preparation. Measuring the current that flows through the contact under 

forward and reverse bias conditions enables the deduction of whether a contact is a good 

rectifier or it is ohmic. The properties of diodes that are extracted from I-V measurements are: 

series resistance 𝑅𝑠, ideality factor n, reverse leakage current 𝐼𝑅 (measured at −1 V reverse 

bias) and barrier height 𝛷𝐵. These diode properties determine whether the sample can be used 

for DLTS measurements. A good diode suitable for DLTS measurements should have a high 

barrier height, low leakage current (less than 10−4 A) and a low series resistance ( less than 

200Ω) [7]. The I-V characteristics were measured using an HP 4140B pA meter/DC voltage 

source with the capability to measure currents as low as 10−14 A. 

 

3.6.2 Capacitance-voltage measurements 

The C-V technique is used to deduce important parameters of the contact which include; the 

barrier height, built-in-voltage, and free carrier concentration. The C-V characteristics of the 
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contacts are determined using an HP 4192A LF impedance analyser. The I-V and C-V contacts 

were carried out in the dark. A schematic diagram of the I-V and C-V measurement set up is 

shown in Figure 3-6. 

 

Figure 3-6: A block diagram of I-V and C-V station set up at the University of Pretoria. 

3.6.3  Deep-level transient spectroscopy (DLTS) 

Deep level transient spectroscopy (DLTS) is a unique and powerful tool used for the study of 

electrically active point defects in semiconductor materials. DLTS measures the electrical 

effects of defect states in the depletion region of a p-n junction or a metal-semiconductor 

junction [8, 9]. In DLTS a defect is observed by monitoring the effect of emission of a carrier 

from a deep level to the corresponding band edge in the depletion region of a reversed biased 

semiconductor junction. A lattice defect, such as a vacancy, an interstitial, a dislocation; an 

impurity, or a complex, introduces an electronic energy state into the band gap of the 

semiconductor. Intentionally processed dopants produce shallow states within the energy gap 

and control the majority carrier concentration in the material. The deep states measured in this 

spectroscopy are those whose energy levels fall deeper in the bandgap than the dopant levels. 

The deep levels in silicon emit thermally within the temperature range of 40 to 350 K for typical 

DLTS measurements systems. In n-type samples, the observed defects will emit electrons to 

the conduction band and will lie above the middle of the gap. In p-type semiconductors, the 

defect states are below the mid gap and the holes are emitted to the valence band [8]. 
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By making use of DLTS, defects in semiconductors are analysed by probing the space charge 

region which exists in both a p-n junction and a Schottky barrier diodes. The width, W, of the 

depletion region of a SBD or p-n junction varies with applied voltage according to: 

 

 
𝑊 = √

2𝜀(𝑉𝑏𝑖+𝑉)

𝑞𝑁
, 

3.1 

 

 

where 𝜀 = dielectric constant of the depleted semiconductor 

 𝑉𝑏𝑖 = built-in-voltage of the junction 

 𝑉 = externally applied voltage 

 𝑞 = charge on the electron 

 𝑁 = density of ionised impurities due to the dopants and other imperfections. 

The junction capacitance due to the depletion layer is: 

 

 

𝐶 =
𝜀𝐴

𝑊
= 𝐴√

𝑞𝜀𝑁

2(𝑉𝑏𝑖 + 𝑉)
 

 

3.2 

 

where A = area of the junction. 

From equations 3.1 and 3.2 it can be seen that if N changes in the depletion region, W and C 

will also change, and so junction capacitance is a direct measure of the total charge. If the 

concentration of electrons or holes trapped at deep levels is changed by the thermal or optical 

emission of carriers to the conduction or valence bands, this change can be monitored by 

measuring the variation in junction capacitance at constant applied voltage. The variation in 

the temperature dependant variation of N forms the basis of capacitance-based DLTS [10, 11]. 

The processes of carrier capture and emission are shown in Figure 3-7 for a Schottky barrier 

diode having a hole trap in the lower half of the bandgap. During the DLTS measurement, free 

carriers are removed from the junction depletion region by the application of a reverse bias 𝑉𝑟. 

Thereafter, a forward pulse, 𝑉𝑝, is applied and it collapses this depletion region, filling the deep 
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level states with carriers. When the pulse is removed the filled states emit the captured carriers 

during a thermal process with a characteristic time constant dependant on the defect’s position 

in the forbidden gap and the available thermal energy [8]. 

 

Figure 3-7: The variation of the depletion region width and capacitance after the 

application of a voltage bias and filling pulse sequence for a hole trap in an p-type 

semiconductor [11]. 

 

Before applying a reverse voltage, the traps in the depletion region above the Fermi level are 

empty as shown in (a). Reducing the applied voltage to 𝑉 − 𝑉𝑃 reduces the width of the 

depletion region, allowing carrier to be trapped by deep levels, as depicted in (b). Hole capture 

into an initially empty trap is given by 

 

 𝑁0(𝑡) = 𝑁𝑇[1 − 𝑒𝑥𝑝(−𝑐𝑝𝑡)] 3.3 

 

where 𝑁0 is the density of traps filled with holes, 𝑁𝑇 is the trap density and 𝑐𝑝 is the capture 

rate. 

Part (c) shows the point when the voltage is returned to is steady-state value, V, where the filled 

traps lie within the depletion region. When holes are emitted into the valance band by the traps, 

where they are immediately swept away by the electric field in the junction. This is observed 

as a majority carrier capacitance transient as shown in (d). 
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Using this experimental approach, the hole emission rate can be determined from the time 

constant of the capacitance transient. Assuming all the traps were filled by the filling pulse, the 

density of the occupied traps at time t after removing the pulse is: 

 

 𝑁0(𝑡) = 𝑁𝑇𝑒𝑥𝑝(−𝑒𝑝𝑡). 3.4 

 

Here 𝑒𝑝 is the thermal emission rate and 𝑁𝑇 is the trap concentration. From equations 3.4 and 

3.1 it can be shown that change in trap population gives rise to a corresponding diode 

capacitance which is dependent on time. Furthermore, if 𝑁𝑇 ≪ 𝑁𝐷, it can be expressed as: 

 

 𝐶(𝑡) = 𝐶𝑂 − ∆𝐶𝑂exp(−𝑒𝑝𝑡) , 3.5 

 

where 𝐶𝑂 is the equilibrium capacitance at reverse bias and ∆𝐶𝑂 is the change in capacitance 

from before to directly after the filling pulse. 

3.6.4 The concepts of DLTS 

DLTS is a highly sensitive capacitance technique. It is a technique that is capable of 

distinguishing different traps from each other. During a DLTS temperature scan, an emission 

rate window is set which is the emission rate at which the measurement apparatus responds 

maximally to a transient. While temperature scanning takes place, taking into consideration 

that the thermal emission process is strongly temperature dependant, the emission rate of a 

defect changes. The maximum signal on the DLTS spectrum is reached at the temperature at 

which the emission rate of the defect is equal to the rate window. The boxcar method is often 

used for accurate determination of the emission rate window and signal averaging, therefore 

improving the signal to noise ratio [12]. Figure 3-7 shows how the double boxcar method 

works. 
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Figure 3-8: A schematic diagram showing (a) the change in the shape of the DLTS 

transient with increasing temperature and (b) the DLTS signal obtained from the transients 

as a function of sample temperature [12]. 

 

The transient figures shown in Figure 3-8 (a) are fed through the double boxcar with pre-set  

times, 𝑡1  and 𝑡2. The average difference between the capacitances at 𝑡1, C(𝑡1) and at 𝑡2, C(𝑡2) 

are plotted as a function if temperature as shown in Figure 3-8(b). The rate window for the 

thermal scan is determined by 𝑡1 and 𝑡2. The peak is formed when the decay constant 𝝉 falls 

within the order of 𝑡2 − 𝑡1. The value of 𝝉 at the maximum of the 𝐶(𝑡2) − 𝐶(𝑡1) vs T for a 

particular trap, 𝜏𝑚𝑎𝑥 can be related to the gate positions 𝑡1 and 𝑡2. This is achieved by 

normalising the DLTS signal in Figure 3-7 to define S (T) given by 

 

 𝑆(𝑇) = [𝐶(𝑡1) − 𝐶(𝑡2)]/∆𝐶(0) 3.6 

 

where ∆C(0) is the capacitance due to the pulse change at t = 0. Now for exponential  

transients, 

 

 𝑆(𝑇) = [exp (
−𝑡1

𝜏⁄ )] − [exp (
−𝑡2

𝜏⁄ )] 3.7 

 

which can also be written as 
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 𝑆(𝑇) = exp (
−𝑡2

𝜏⁄ ) [1 − exp(−∆𝑡
𝜏⁄ )] 3.8 

 

where ∆𝑡 = 𝑡2 − 𝑡1. Therefore the relationship between 𝜏𝑚𝑎𝑥, 𝑡1 and 𝑡2 can be obtained by 

differentiating S(T) with respect to 𝜏 and equating the result to zero: 

 

 𝜏𝑚𝑎𝑥 =
𝑡1 − 𝑡2

𝑙𝑛 (
𝑡1

𝑡2
)

 . 3.9 

 

Therefore the emission rates of the peak of DLTS signal can be obtained accurately. Carrying  

out a thermal scan using many different rate windows enables one to identify the peak  

positions and the temperature at which they occur. This information can be used to calculate  

the activation enthalpy and the apparent capture cross-section [13]. 

3.6.5 Laplace-DLTS 

Deep level transient spectroscopy has been a valuable tool in characterising electrically active 

deep level states in semiconductors since its invention in the 70s by Lang [9]. Unfortunately, 

this technique has limitations as far as its emission rate resolution is concerned. The lock-in-

amplifier or the double boxcar filter used in DLTS shows good sensitivity but poor time-

constant resolution. This poor time-constant resolution that makes DLTS unsuitable for 

separating closely spaced transients and therefore its inability to study defect fine structure. 

Dobaczewski et al. [14] developed an improved a high resolution version of DLTS in 1990. 

They called it Laplace-DLTS. Laplace-DLTS uses a regularised inverse Laplace transform 

instead of the boxcar analysis. This results in an order of magnitude improvement in emission 

rate resolution in the studies of the thermal emission of carriers from deep states. Consequently, 

Laplace-DLTS can separate closely spaced transients when a number of defects with similar 

emission characteristics are present. Laplace-DLTS can also probe very narrow regions of the 

semiconductor and selectively study the active regions of devices. 

3.6.6 The concepts of Laplace-DLTS 

In DLTS there are two main classes of transient processing methods, analogue and digital 

signal processing. Analogue signal processing is a real-time process using analogue electronics 

which extract the DLTS signal from the capacitance transients as the temperature is ramped. 
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The digital signal processing involves digitising the transient output of the capacitance meter, 

normally done with a sample held at a fixed temperature and averaging many of these 

digitalised transients to reduce noise. If the transient is digitised it is easier to apply signal 

processing tasks, even complex ones. The concept of digitising the capacitance transient at a 

constant temperature and extracting the time constant is the basis of high resolution Laplace-

DLTS. 

Within the context of DLTS using digitised transients, various schemes have been published 

and various degrees of success reported. Among the range of approaches that are of importance 

is the method of moments technique as used by Ikossi-Anastasiou and Roenker [15]. Nolte and 

Haller [16] used the Gaver-Stehfest algorithm to effect a Laplace transform although achieving 

a substantial increase in resolution found the approach to be unstable in the presence of 

experimental noise levels. Eiche et al. [17] use Tikhonov regularization to separate the 

constituent exponentials in a photo-induced current transient spectroscopy signal with an 

approach very similar to that which has been adopted for the work described in this work. 

In order to give a quantitative description of the non-exponential nature observed in the 

capacitance transients, one assumes that they are characterized by a spectrum of emission rates 

[18] 

 𝑓(𝑡) = ∫ 𝐹(𝑠)
∞

0

𝑒−𝑠𝑡𝑑𝑠 3.10  

 

where  𝑓(𝑡) is the recorded transient and 𝐹(𝑠) is the spectral density function. Equation 3.10 

gives a mathematical Laplace transform of the true spectra of the emission rates. To get the 

real spectra of the emission rates, an algorithm is used that performs an inverse Laplace 

transform of the function 𝑓(𝑡). As a result, a spectrum of delta-like peaks is expected to be 

obtained for mono- and multi-exponential transients or a broad spectrum with no fine structure 

for a continuous distribution [18]. 

In the Laplace DLTS system, three different software procedures are used for the numerical 

calculations. All of them are based on the Tikhonov regularization method. However, they 

differ in the way the criteria for finding the regularization parameters are defined. The first one 

(CONTIN) is in the public domain and has been obtained from a software library and modified 

in order to integrate it with the system [19]. The outline code of the second one (FTIKREG) is 

distributed by the same library but it has been substantially modified by the original authors 
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for operation within the LDLTS system [19]. The last one (FLOG), has been specifically 

developed for the system. The parallel use of three different software packages substantially 

increases the level of confidence in the spectra obtained [20]. Additionally, for preliminary 

data analysis a discrete (multi-exponential) deconvolution method can be used. This method is 

based on a simple integration procedure [21]. 

3.6.7 Deep level transient spectroscopy measurement set-up 

The set-up of the DLTS and Laplace-DLTS system used in this work consists of the following: 

(a) A cryostat in which the sample to be characterised is mounted. A closed cycle cryostat is 

used in the cooling from high to low temperatures. A heater is located at the tip of the cryostat 

which raises the temperature from low to high values. The temperature of the cryostat is 

controlled by a Lakeshore 340 temperature controller which is used in the range 40K to 350K 

in this study. 

(b) A Boonton 7200 capacitance meter with 100 mV, 1 MHz ac voltage signal used to monitor 

the thermal emission of carriers after excitation by a pulse generator. 

(c) A Laplace DLTS card with an internal pulse generator for producing the appropriate 

quiescent reverse bias voltage and pulses. The Laplace card also contains the hardware used 

for data collection and averages transients before the spectra is processed for both conventional 

and Laplace- DLTS. The Laplace card was also used to record the capacitance-temperature 

(CT) scans. 

(d) A HP 33120 15 MHz waveform external generator, which produced the desired quiescent 

bias and filling pulse in measurements that required shorter filling pulse widths. 

Conventional and Laplace-DLTS sample excitation parameters are set up using the Laplace 

program. In the conventional-DLTS mode the capacitance meter measures the capacitance 

transient after excitation. The transients are then processed by the Laplace card. Ramping up 

or down the temperature using a particular rate window, a DLTS spectrum is displayed on the 

computer. Figure 3-9 shows the schematic of the DLTS set-up. 
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Figure 3-9: A block diagram of DLTS set up at the University of Pretoria. 
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4 Results and discussion 

This chapter focuses on the results obtained using the techniques described in Chapter 3. The 

results are presented as a series of articles that have been published from 2016 to 2019. These 

papers investigate process induced defects due to electron beam deposition (EBD) as well as 

alpha-particle induced defects during irradiation at both room temperature low temperatures. 

In order to better understand EBD defects observed after deposition of Ti (Section 4.1.1) a 

study comparing EBD and EBE using Ni contacts, which could be evaporated resistively, was 

conducted (Section 4.1.2). This led to some differences between EBD of Ti and Ni contacts 

being observed, as discussed in the general discussion Section 4.3. 

In order to correlate these defects with intrinsic defects induced by particle irradiation, the 

defects induced during room temperature and low-temperature irradiation were investigated 

(Section 4.2.1 and 4.2.2) and compared to process-induced defects in Section 4.3. 

4.1  Process induced defects 

Processes such as epitaxial film growth, dopant diffusion, implantation and metallisation[1] 

may inadvertently induce defects. Metallisation can be done using electron beam deposition 

(EBD), sputter deposition (SD) and resistive evaporation. EBD is frequently used to deposit 

high melting point materials. Resistive evaporation does not induce damage, but both EBD and 

SD induce damage[1]. In this thesis, EBD induced damage is investigated. 

4.1.1 Annealing studies of electron beam deposition induced defects  

In this study we investigated the defects induced by EBD and we also looked at the effects of 

annealing on the defects observed soon after metal deposition. Knowledge about the thermal 

stability of the defects is useful so that they can be reproducibly introduced, avoided or 

eliminated depending on the application [2]. 

As discussed in Chapter 3, annealing can often help reduce defects in semiconductors. This can 

be due to either diffusion or breaking up of complex defects. However, due to defect reactions, 

annealing can in some cases introduce new defects. After irradiation of samples using high-

energy particles which leads to the displacement of atoms from lattice sites, it is usually 

necessary that the damage should afterwards be removed by annealing [3]. 
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The samples were annealed in a quartz tube under argon at a flow rate of 2 ℓ/min. A 

thermocouple placed in the furnace just below the sample was used to monitor the annealing 

temperature. During each annealing step morphological changes of the metal contact were 

observed. Atomic force microscopy (AFM) was employed for this part of the study. 

A paper written by the present author entitled “Thermal stability of defects introduced by 

electron beam deposition on p-type silicon” [4] discusses the electronic properties of the 

defects introduced by EBD and the results of isochronal annealing are presented. DLTS 

revealed that the main defects introduced during metallisation were hole traps H(0.05), 

H(0.23) and H(0.38).The three hole traps were characterised using Laplace-DLTS. The I-V 

characteristics showed that the quality of the Schottky diode deteriorated with increase in 

annealing temperature. After annealing at 300oC, two of the EBD-induced defects were 

removed; however the third defect remained stable up to 400°C. For comparison, a sample 

exposed to electron beams, a process known as electron beam exposure (EBE) was 

characterised. Ni contacts were fabricated using EBD. One prominent broad peak was 

observed when DLTS was performed on the EBE+EBD contacts. Laplace-DLTS suggests 

that there is more than one level within that peak. AFM was used to monitor the surface 

topology of the contacts with each annealing step and showed some surface roughening. 

 

The present author took part in the planning, the sample preparation, performed the electrical 

characterisation and analysis and wrote the draft manuscript for proof-reading and discussion 

with co-authors. E. Omotoso assisted with EBE and EBD while the AFM was done by S.M. 

Tunhuma. 
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4.1.2 Electron beam exposure 

Electron beam exposure (EBE) is a process by which a semiconductor is exposed to EBD 

conditions without metal deposition. During the process, energetic particles that cause EBD 

damage are present but interact directly with the semiconductor whereas during EBD this 

interaction is mostly shielded by the metal being deposited [5]. The main goal of developing 

the EBE technique was to introduce EBD-induced defects in a controlled method and in easily 

measureable concentration [6]. 

In this work nickel (Ni) was used as the contact metal because its melting point (1455oC) is 

low enough for deposition in the resistive evaporation system, thereby allowing easy 

comparison between the two techniques. The maximum temperature at which the resistive 

deposition system at the University of Pretoria can evaporate is 1600oC. 

In this study, EBE-induced defects in p-type silicon were studied. EBE-induced defects in n-

type silicon have been reported by Danga et al. [7]. This work has been included as an appendix. 

A detailed comparison of EBE defects introduced in n-Si and p-Si is however beyond the scope 

of this thesis. 

The results of a study on EBE-induced damage in p-type silicon are presented in the paper 

“Electrical characterisation of electron beam exposure induced defects in silicon” [5],which 

forms part of this thesis (see next page). In the paper, an electrically active defect in EBE-

processed p-Si was studied using conventional and Laplace-DLTS. The defect level observed 

had an activation energy of H(0.55). This defect has an activation energy similar to that of the 

I-defect. This defect was also found to be like a defect observed in alpha-particle irradiated Si, 

which was believed to be boron related. The defect was not observed on contacts fabricated 

using EBD, which displayed two smaller defects. DLTS depth profiles were used to show that 

the damage caused by EBE extended deeper into the material compared to EBD damage. 

 The present author did the sample processing, performed the measurements, processed the 

data and wrote the paper. S.M.M Coelho and E. Omotoso assisted with electron beam exposure. 
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4.2  Radiation-induced defects 

Radiation-induced defects originate as a result of processing steps which can introduce 

radiation damage or by operating in radiation-harsh environments. From a physics point of 

view the understanding and control of radiation damage is key for process optimisation [8] and 

production of radiation hard devices for space applications [9].Furthermore, there should be a 

correspondence between process and irradiation-induced defects, which could lead to better 

understanding of the fundamental physics involved. This section focuses on alpha-particle 

irradiation. 

4.2.1 Alpha-particle irradiation at room temperature 

In this section, results obtained from the electrical characterisation of α-particle induced defects 

are reported. Aluminium (Al) contacts fabricated on the p-type silicon samples were irradiated 

by making use of a 5.4 MeV Am-241 radioactive source with a fluence rate of 7 × 106 cm−2s-1. 

The Al contacts were irradiated for 30 minutes initially at a fluence of 1.3 × 1010 cm−2. The 

contacts were then exposed for another 90 minutes at 30minute intervals until the total fluence 

was 5.1 ×1010cm-2. I-V measurements, C-V measurements and DLTS were done after each 

irradiation. 

An article by the present author entitled “Electrically active defects in p-type silicon after 

alpha particle irradiation” [10], presents the results of the study. In this work, conventional 

DLTS revealed five peaks, with the parameters of four of the defects were obtained using 

Laplace-DLTS.The defect level H(0.10) was tri-vacancy related. H(0.33) was identified as 

the interstitial carbon (Ci) related defect which was a result of radiation induced damage. 

H(0.52) was a B-related defect. Absolute deductions about the origin of H(0.16) have not yet 

been achieved. Due to the proximity of a large peak, the parameters of the fifth peak could 

not be determined by Laplace-DLTS. 

 

The present author’s contribution to the paper included: planning, sample preparation, 

electrical characterisation, data analysis and writing of the draft manuscript for proof reading 

and discussion with the co-authors. 
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4.2.2 Low temperature alpha-particle irradiation 

This section looks at the defects introduced using low temperature irradiation. The reason for 

undertaking low temperature irradiation is that it allows observation of first generation defects 

which are not seen after room temperature irradiation. Although low temperature irradiation 

by electrons has been reported [11-13], it is expected that alpha-particle irradiation would cause 

more damage because of alpha-particles greater mass [14]. Moreover, alpha particle irradiation 

is safer to use because of its weak penetrating power and lack of bremsstrahlung. 

The present author has written a manuscript entitled “The study of low temperature irradiation 

induced defects in p-Si using deep-level transient spectroscopy”. In this work, irradiation was 

carried out at cryogenic temperatures. By making use of conventional DLTS, the defect levels 

were observed were +0.10 eV, +0.14 eV and +0.18 eV. These peaks were attributed to the 

boron-substitutional vacancy, the mono-vacancy a vacancy related defect respectively 

The present author’s contribution to the paper included: planning of the experimental set up 

and assembly, sample preparation, electrical characterisation, data analysis and wrote the draft 

manuscript for proof reading and discussion with the co-authors. 
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4.3  General discussion 

In this study, a total of thirteen defects were observed. The detailed characteristics of the defects 

have been discussed in the previous sections. In this section, the possible reasons of the results 

obtained are discussed. Section 4.3.1 discusses the differences due to different contact metals 

used in the devices fabricated using EBD. Section 4.3.2 discusses the differences between the 

room and low temperature alpha-particle radiation. 

4.3.1 Differences in defects formed during EBD of Ti and Ni 

In any deposition process, the surface chemistry and morphology play important roles in 

determining the structure and properties of the deposit. For deposition of metals onto silicon, 

the experimental conditions should be such that oxide formation is avoided and the surface 

should be stable during the deposition process [15]. Despite the dip in HF Si rapidly re-grows 

the oxide layer [16]. Ti seems not affected by the oxide layer compared to Ni looking at the I-

V characteristics shown in figure 4-1.Cowley [17] also came to the same conclusion. Figure 

4.1 shows the I-V characteristics of the two devices. Ni produced a leaky diode with a bigger 

series resistance compared to the Ti contact. Defects can be introduced into the Si substrate 

during the deposition process. Deep levels associated with such defects may play a role in 

determining the barrier height if they are formed at or near the interface. These defects may 

serve as recombination-generation centres giving rise to excess current which causes deviations 

from ideal forward and reverse current characteristics [18]. 

Ti forms silicides with Si at the room temperature [19]. There is also the formation of Si rich 

and Ni rich silicides during thin-film deposition [20]. Ti seems more reactive with Si compared 

to Ni because it forms more silicide phases than Ni [19]. These differences could be attributed 

to the catalytic nature of Ni [16]. There is speculation that the aforementioned facts could be 

reason for the observed differences in the characteristics of the Ti and Ni contacts. 
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Figure 4-1 :The forward and reverse bias I-V characteristics of Ti/Si and Ni/Si Schottky 

contacts fabricated using EBD. 

 

Figure 4.3 shows Arrhenius plots of all defects observed in this study. Comparing Ti and Ni 

EBD deposited contacts. It is clear that the two systems induce a different set of defects. In 

fact, while the Ti device exhibited three defects, Ni showed only one. Figure 4.2 shows the 

spectra of the two devices. The Ni spectrum showed two peaks with smaller heights than the 

Ti peaks. Although Ni showed two peaks one of them was very broad and unstable (H(y)), as 

a result, Laplace–DLTS could not resolve the identity of this peak. 
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Figure 4-2: The DLTS spectra of (a) Ti/Si Schottky contacts and (b) Ni/Si Schottky contacts. 

 

4.3.2 Alpha- particle irradiation 

In this study, seven defects were measured, four after room temperature irradiation and three 

after low temperature irradiation. Figure 4-3 shows the Arrhenius plots of the defects observed 

after room temperature and low temperature irradiation. The Arrhenius plotted using black 

circles are those observed after room temperature alpha-particle irradiation. The red squares 

are the defects measured after low temperature irradiation. In the room temperature study only 

one vacancy-related defect was observed whereas in the low temperature study, three vacancy-

related defects were observed. This is because at room temperature the vacancies and 

interstitials recombine so there is no permanent damage whereas during low temperature 

irradiation, the displaced lattice atoms do not possess enough kinetic energy to recombine. 

Only the interstitials are mobile at these low temperatures and all other defects are frozen in 

[12]. 
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Figure 4-3: All defects measured in the current study using conventional and Laplace –

DLTS. 
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5 Conclusion 

The research in this thesis is a selection of the investigations done by means of the conventional 

and Laplace-DLTS techniques. Conclusions explicit to each of the experimental sections are 

given in the included papers. In this section, the conclusions pertaining to the characterisation 

of process and radiation induced defects using DLTS are summarised. 

5.1 Electron beam deposition and electron beam exposure induced defects 

Process induced defects are “a necessary evil” during device fabrication. However, having 

knowledge of how these defects are formed and their characteristics can be beneficial to the 

field of defect engineering. 

EBD induced three defects in p-type silicon, albeit at very low concentration. Two of the 

defects were identified as the 0/+ charge state of the divacancy and the V-O-C complex. The 

identity of the third defect is yet to be known. Annealing removed two EBD induced defects, 

but one defect remained even after annealing at 400°C. Annealing not only affected the 

electrical characteristics of the contacts but also the surface topology of the contacts was altered 

during the heat treatment. AFM showed that the surface roughness increased with increase in 

temperature. 

The EBE damage was at a higher concentration and extended deeper into the material than 

EBD damage–almost as deep as alpha-particle irradiation-induced damage. The defect 

concentration of the EBD defect was significantly less than the concentration of EBE. 

Interestingly, EBD and EBE introduced different defects in p-type silicon. One defect induced 

by EBE was similar to an alpha-particle induced defect, but this defect was not observed in 

EBD material. None of the EBD induced defects corresponded to alpha-particle irradiation-

induced defects. 

Although EBE was originally conceived as a method to investigate EBD-induced defects in 

more detail, after the EBE experiment only one peak was observed and this peak was not seen 

in EBD samples. The defect observed was identified as the I-defect. There is speculation that 

this may have been caused by the effects of the metal chosen to make the Schottky contacts of 

the EBE samples, in this case, nickel. 
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5.2 Room- and low-temperature alpha-particle induced defects 

In this thesis radiation studies show that the defects observed during low temperature 

irradiation are not seen when irradiation is carried out at room temperature. After room 

temperature irradiation, four peaks were characterised using Laplace DLTS. Defects associated 

with the tri-vacancy, Ci-Oi complex, a boron-related defect were observed. The identity of one 

of the radiation induced defects is yet to be known. 

Low temperature irradiation induced three defects which were observed in the temperature 

range 35-120 K. The defects were identified as the Bs-V, the vacancy and a vacancy-related 

defect. The resolution of the peaks using Laplace-DLTS was a challenge due to the skewed 

base line. 

5.3 Future work 

The low temperature irradiation experiment should be repeated using the Van de Graaff 

accelerator, which would irradiate the sample with collimated monochromatic particles at a 

much higher flux would lead to interesting comparative results. Furthermore, this should also 

simplify the measurement procedure. 

Further investigation of the effects of nickel on p-Si should be carried out for a better 

understanding of its influence on the electrical characteristics of the material and the basic 

physics involved. 
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6 Appendix 
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