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SUMMARY  

  

Effect of swift heavy ion irradiation and annealing on the microstructure and migration 

behaviour of implanted Sr and Ag in SiC 

BY  

Hesham Abdelbagi Ali 

  

Submitted in partial fulfilment of the requirements for the degree of (PhD) in Physics in the 

Faculty of Natural and Agricultural Science, University of Pretoria   

  

Supervisor/Promoter: Prof. J. B. Malherbe 

Co- supervisor: Prof. T. T. Hlatshwayo 

 

Silicon carbide has been used in many applications in the electronics industry and material 

sciences. In the nuclear power generation, SiC is used as the main containment layer in the 

construction of fuel particles of the Generation IV nuclear reactors for the containment of 

fission products (FPs). SiC performs well in the containment of most FPs during operation 

temperatures up to 1000 oC. However, silver (Ag) and strontium (Sr) have been able to escape 

the fuel particle at temperatures higher than 1000 oC. The escape of Ag and Sr out of the fuel 

particle has given birth to the extensive research done on the transport properties of Ag in SiC 

and the study of structural properties of SiC as used in fuel particles.  

This thesis is divided into two parts. At f irst, we study the structural changes in polycrystalline 

SiC implanted at room temperature (RT) with Ag and Sr ions before and after SHI irradiation 

at room temperature and the effect of annealing. The study also investigates the effect of SHI 

irradiation and the annealing on the migration behaviour of Ag and Sr in SiC. 

The implantations were performed as follows: the 360 keV silver (Ag) and 360 keV strontium 

(Sr) ions were implanted separately into silicon carbide at room temperature to a fluence of 

2×1016 cm-2. Some of these implanted samples were irradiated by swift heavy ions (SHI). The 

samples were then characterized by the use of several techniques to determine the damage 

created in SiC by the ion bombardment process, the distributions of the silver and strontium 

ions and the effects of SHI irradiation on these distributions. The irradiated and un-irradiated 
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but Ag or Sr implanted samples were isochronally annealed in vacuum at temperatures ranging 

from 1100 ęC to 1500 ęC in steps of 100 ÜC for 5 hours. 

Raman spectroscopy technique was used to study the structure of all sets of samples (i.e. 

irradiated and un-irradiated samples implanted with Ag or Sr) before and after the vacuum 

annealing process. Scanning electron microscopy was used to monitor the surface 

modifications after each annealing cycle. The migration behaviour of silver (as well as 

strontium) in the irradiated and un-irradiated but implanted samples before and after each 

annealing step were investigated by Rutherford backscattering spectrometry (RBS) technique. 

Raman results showed that implantation of Ag (as well as Sr) into SiC at room temperature 

caused the disappearance of characteristic SiC Raman peaks, an indication of an amorphized 

layer of silicon carbide. Irradiation of the as-implanted SiC with 167 MeV Xe ions at room 

temperature to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 caused partial reappearance of 

rather broader SiC Raman characteristic peaks indicating some recrystallization of the initially 

amorphized layer of SiC. This partial recrystallization of the SiC layer was caused by the high 

electronic energy deposition by Xe ions irradiation at 167 MeV.  

A full recrystallization of the silicon carbide was observed resulting in the appearance of the 

characteristic Raman peaks of SiC for un-irradiated but implanted samples annealed at 1100 

°C. For SHI irradiated SiC samples annealed at 1100 °C showed poor recrystallization with a 

abroad Si-Si peak and C-C peak. The differences in recrystallization between the irradiated and 

un-irradiated but implanted samples was due to impurities (e.g. Ag or Sr atoms) within the 

substrate. Moreover, the results showed that the longitudinal optical (LO) phonon mode of SiC 

for the un-irradiated but implanted sample had a significantly higher intensity compared to that 

of the SHI irradiated samples. This suggested that the un-irradiated but implanted sample had 

on average, larger crystals compared to the irradiated samples. The differences in the average 

crystal sizes between irradiated and un-irradiated but implanted samples was due to the fact 

that the initial surface/layer states of SiC were in different before annealing, i.e. the un-

irradiated samples were amorphous while the irradiated samples were composed of crystallites 

that were randomly orientated in an amorphous matrix. After annealing irradiated and un-

irradiated but implanted samples sequentially up to 1500 °C, two peaks appeared at 1350 and 

1580 cm-1 corresponding to the D and G bands in the Raman spectra, which are more dominant 

in all the carbon materials. The presence of the D and G peaks indicates the presence of a 

carbon layer on the sample surfaces after annealing at 1500 oC. The free carbon on the surfaces 
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was due to thermal decomposition of SiC causing the sublimation of silicon, thus leaving a free 

carbon layer on the surface. 

The average crystal sizes were determined from the SEM images of the irradiated and un-

irradiated Ag or Sr implanted samples, all annealed at temperatures from 1100 to 1300 °C. The 

average crystal sizes were not determined for the irradiated and un-irradiated but implanted 

samples annealed at 1400 oC and 1500 oC due to the absence of distinct crystals and the 

presence of carbon and some crystal clusters on the surfaces. The SEM results agreed with the 

Raman results which showed that annealing of the un-irradiated but implanted samples resulted 

in larger average crystal size compared to the irradiated samples annealed under the same 

conditions.  

For room temperature Ag implanted samples, isochronal annealing showed a slight migration 

of implanted Ag towards the surface, accompanied by a slight loss of Ag after the first 

annealing cycle (i.e. 1100 oC). However, annealing the SHI irradiated samples at 1100 oC 

resulted in significant loss of about 42% and 54% of implanted Ag in both the SHI irradiated 

samples at fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 respectively. This was due to the 

presence of a large number of pores in the surfaces of the SHI irradiated samples as compared 

to the implanted but un-irradiated samples.  

The diffusion coefficients for the irradiated samples at fluences of 3.4×1014 cm-2 and 8.4×1014 

cm-2 annealed at 1100 oC were found to be 2×10-20 m2/s and 3.2×10-20 m2/s, respectively. 

However, there was no measurable diffusion for Ag in un-irradiated but implanted samples 

which is obviously below our detection limit of 10-21 m2 s-1. These results indicated that 

bombardment with swift heavy ions enhanced the diffusion of Ag in SiC. 

Migration of implanted Sr was already taking place at 1100 °C in both irradiated and un-

irradiated but Sr implanted samples. The un-irradiated but Sr implanted samples annealed at 

1100 oC showed a strong migration of Sr towards the surface accompanied by a significant loss 

(of about 25%) of implanted Sr. In the irradiated samples, Sr migrated towards the surface and 

into the undamaged bulk after annealing at 1100 oC. This migration was accompanied by minor 

loss of about 3% and no loss of implanted Sr for the samples irradiated at 3.4×1014 cm-2 and 

8.4×1014 cm-2, respectively. At 1100 ęC, the un-irradiated but Sr implanted samples which 

exhibited pores on the surface showed high loss of Sr as compared to the irradiated samples 

which did not show any pores on the surface. Therefore, the different amounts of retained 
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strontium after annealing were due to the difference in surface structure of the samples. The 

un-irradiated but Sr implanted sample retained about 25% of Sr after annealing up to 1500 oC, 

while no Sr was retained in the 8.4×1014 cm-2 and 3.4×1014 cm-2 irradiated samples after 

annealing at 1300 and 1400 oC respectively. From these results, it is quite clear that Sr loss was 

favoured in the irradiated SiC structure.   
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CHAPTER 1 

INTRODUCTION  

 

1.1 High Temperature Gas-cooled Reactors (HTGR) 

High-temperature gas-cooled reactors (HTGRs) are part of Generation IV reactors which are 

being considered for generating electricity. These reactors operate at temperatures of up to 

1000 °C. Safety in these reactors is one of the most significant considerations. The Pebble Bed 

Modular Reactor (PBMR) is a relatively new design in nuclear power plants which has been 

proposed as the HTGR design for South Africa and China [Mal08]. Apart from the PBMR, 

there are several designs of HTGRs pursued by researchers in different countries such as the 

USA, Russia, Japan, The Netherlands, etc.   

A key feature of the PBMR is the fuel used in the reactor, the so-called Tri-Isotropic (TRISO) 

fuel particles, see Figure 1.1 [Ber10, Mal08 and www1]. This particle consists of a small 

spherical UO2 kernel of approximately 0.5 mm diameter, which is encapsulated by four 

chemical vapour deposited (CVD) layers. The first layer is a porous carbon buffer layer which 

is 95 ɛm thick. This layer reduces recoiling fission products (FPs) and accommodates internal 

gas buildup. The other three layers are the inner pyrolytic carbon (IPyC) layer, SiC layer and 

outer pyrolytic carbon (OPyC) layer. The IPyC layer with 40 ɛm thickness acts as a diffusion 

barrier to most non-metallic FPs and reduces tensile stress in SiC layer [Ber10, Han03 and 

Mal08]. The silicon carbide (SiC) layer of 35 ɛm thick acts as a main diffusion barrier to the 

FPs. An outer pyrolytic carbon (OPyC) layer of 40 ɛm thick protects SiC from external 

mechanical and chemical interactions and helps to reduce stress in SiC [Nic02].  

For the PBMR fuel design, about 12000 of fuel particles are then imbedded in a graphite matrix 

to form a pebble with a diameter of about 60 mm [www1]. These pebbles are inserted from the 

top of the core in the reactor and circulate from the top to the bottom until they have reached 

optimum burn up. These particles are designed to keep the fission products (FPs) within the 

particle. Several studies found that the coating layers are not so effective in retaining some of 

the gaseous and solid fission products, e.g. Krypton (Kr), Xenon (Xe) and Silver (Ag), Cesium 

(Cs), Strontium (Sr) at temperatures higher than 1000 oC [www2]. These fission products are 

detected outside the TRISO particle. Because the temperature inside the coated fuel particle is 

higher than the operating temperature, the temperature range of interest for diffusion of these 

https://en.wikipedia.org/wiki/Generation_IV_reactor
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FPs is from about 800°C to 1600°C, the latter being the estimated temperature during accident 

conditions. These FPs which escape from the TRISO particle can lead to personnel being 

exposed to them during maintenance of the reactor. Radioactive FPs, with the associated 

radioactivity, can be taken into the body by consuming foodstuff and liquids, by inhaling 

radioactive gases, or by absorption through wounds in the skin. Therefore, retention of the 

radioactive FPs within TRISO particle is important to avoid serious danger to personnelôs 

health and the environment. Since SiC is the main FPs diffusion barrier in TRISO particle, it 

is important to study the mechanisms of migration behaviour of FPs in SiC. 

 

 

   

Figure 1.1: The TRISO fuel particle for a pebble-bed reactor consists of a 0.5 mm 

sphere of UO2 surrounded by a porous carbon buffer, an inner layer of isotropic 

pyrolytic carbon, a barrier layer of SiC, and an outer layer of isotropic pyrolytic 

carbon. Taken from [www1]. 

 

1.2 Silicon Carbide 

Silicon Carbide (SiC) crystal structure was understood a long time ago, but the diffusion 

mechanism of FPs is still a mystery. SiC has a Mohs hardness of 9.5 making it one of the 

hardest naturally occurring materials known. SiC has physical and chemical properties such as 

extreme hardness, high temperature stability, high thermal conductivity, radiation resistance, 

small neutron capture cross-sections, etc. [Bus03, Fuk76 and Wen98]. The hardness of SiC is 

due to the short bond length between Si and C atoms which is about 1.89 Å and results in high 
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bond strength [Dau03, Har95]. Due to its strong chemical bond energy, SiC has a good 

resistance against chemical attack including a high corrosion resistance. SiC has many 

applications in the abrasive industry due to it is properties and mechanical strength at 

temperatures even above 1000 °C [Pir93]. Also, SiC has the ability to maintain or keep most 

of its properties over a long period of time (i.e. dimensional stability), and under specific 

condition such as neutron radiation. SiC sublimates at temperature around 2800 °C, and also it 

has been noted that it starts to decompose at 1500 ęC into Si, C, SiC2 and Si2C [Ber12, Lil93]. 

Because of its good properties, SiC is used as the main barrier for FPs in TRISO particles. The 

normal operating temperature of the modern HTGRs is around 950 °C [Saw00, Ver12]. 

According to Malherbe [Mal13], SiC should be a reliable diffusion barrier for most of the FPs 

during normal operating temperature.   

Silicon carbide is a binary compound with the same number of silicon and carbon atoms. The 

basic structural unit of SiC is considered to be covalently bonded, with an ionic contribution to 

the bonds of about 12 %, due to the difference in electronegativity between the silicon and the 

carbon atom. The fundamental structural unit of SiC is a tetrahedron, either SiC4 or CSi4 as 

shown in Figure 1.2. The carbon atom can be at the centre of the tetrahedron surrounded by 

four silicon atoms or silicon atom at the centre of the tetrahedron surrounded by four carbon 

atoms. 

 

Figure 1.2: Tetrahedral silicon carbide structure, (a) one carbon and four silicon  

atoms and (b) one silicon and four carbon atoms. Taken from reference [Zso05].  

 

The SiC compound exists in more than 200 structural forms (i.e. polytypes) [Dau03]. These 

different polytypes form because of the difference in the staking sequence of identical atomic 

planes. To describe these different polytypes in more details, the Ramsdell notation is used, 
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which can be explained in the following notation: The cubic (zinc blende) SiC structure is used 

as the basis which requires three layer, first layer is named A and second is named B and the 

other C (see Figure 1.3), and is known as 3C according to the nomenclature of Ramsdell 

[Ram47]. These three layers are placed according to a close-packed atomic plane as shown in 

Figure 1.3. In the Ramsdell notation, the number of layers in the stacking direction (before 

repeating the sequence) is combined with the letter representing the Bravais lattice type, for 

example, hexagonal (H), cubic (C) or rhombohedral (R) [www1]. The hexagonal and cubic 

polytype stacking sequence are shown in Figure 1.3. This figure shows the 2H-SiC, 3C-SiC, 

4H-SiC and 6H-SiC with 3C-SiC being the cubic polytype. In this project the polycrystalline 

3C- SiC wafers from Valley Design Corporation® were used. 

 

Figure 1.3: A schematic representation showing the common SiC polytypes and their  

            stacking sequence [Chi06].  

 

1.3 Radiation damage in SiC 

Radiation damage in SiC has been studied widely in the last few decades. For reviews of the 

topic the reader is referred to [Kat06, Mal13, Sne07, Web00, Wen98 and Wes96]. Study by 

McHargue et al. [McH93] showed that SiC is easily amorphized by ion implantation of low 

energy ions (i.e. in the order of few hundred keV) at room temperature irrespective of the ions 

implanted. They also found that the accumulation of the radiation damage is approximately 

linear with the ions fluence until amorphization of SiC occurs. Study by Hobert et al. [Hob97] 

showed that implantation of very light ions (i.e. He+) into SiC results in the production of 

strongly disturbed but still crystalline layers in SiC. Wesch et al. [Wes95] implanted Ga+ ions 

into SiC at an energy of 230 keV with various fluences and temperatures. Their study shows 

that, implantation at 80 K for fluences above 1×1014 cm-2 and at 300 K for ion fluences of 

between 2×1014 cm-2 and 3×1014 cm-2, results in an amorphization of SiC [Wes95]. However, 
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for implantation temperatures of 573 K and higher for ions fluences of about 1×1016 cm-2, 

amorphization of SiC was avoided. As reported in a comprehensive review by Malherbe 

[Mal13] and references therein, the ion implantation at 300 °C (573 K) does not amorphize 

crystalline SiC although damage is introduced. In this study, 360 keV silver (Ag) and strontium 

(Sr) ions were implanted separately into SiC at room temperature and fluences of up to 2×1016 

cm-2.  

Annealing out of the radiation damage in SiC has been reported in many publications. Most of 

these studies used ion beam techniques such as RBS-channeling [Fri09, Fri11, Hal10, Hal12, 

Hal12a, Kat06, Vis11 and Wen98] and elastic recoil detection analysis (ERDA) [Jia02, Jia07] 

to study the radiation damage evolution and annealing. Other analysis techniques that have also 

been employed to study the radiation damage evolution and annealing such as transmission 

electron microscopy (TEM) [Kat06, Sne98, Sne99 and Wen98], atomic force microscopy 

[Cap99]; scanning electron microscopy [Fri09, Fri11, Hal10, Hal12 and Hal12a]; and optical 

vibrational spectroscopies (IR, PL, Raman, etc.) [Hob97, Jia07, Bri09, Wen12].  

McHargue et al. found that if the damage level is less than that necessary to produce 

amorphization, the damage is annealed out in the temperature range of 200 °C to 1000 °C 

[McH93]. However, if an amorphous SiC layer is produced, a small amount of epitaxial 

regrowth occurs at the amorphous/crystalline interface at temperatures below 1400°C. Audren 

et al. found that SiC is also easily amorphized by 300 keV Cs ions [Aud07]. Their studies 

showed that 360 keV Cs ions implanted into SiC to fluences of 6×1014 cm-2 resulted in an 

amorphous layer extending to a depth of approximately 150 nm below the surface. Rutherford 

backscattering combined with channeling (RBS/C) studies showed that the annealing of the 

damage in the implanted SiC started at around 600 °C, beginning from the amorphous layer 

and bulk substrate interface [Aud07]. Some appreciable recrystallization of amorphous SiC 

layer was only observed at temperatures above 960 °C, with roughly 50% of the damage 

annealed at approximately 1300 °C.   

In this study, as mentioned above, 360 keV Ag and Sr ions were implanted separately into SiC 

at room temperature and fluence of 2×1016 cm-2. Previous studies by Friedland et al. [Fri09, 

Fri12a and Fri13], have shown that implantation of 360 keV Ag ions into SiC produced an 

amorphous layer up to a depth of 260 nm and implantation of Sr ions at 360 keV produced 

amorphous layer up to 240 nm. In these studies, Ag and Sr ions of fluence 2×1016 cm-2 were 

implanted into SiC wafers at room temperature. A preliminary annealing for 2 h at 960 °C of a 
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sample implanted with Ag at room temperature resulted in very little epitaxial regrowth starting 

from the amorphous layer and bulk substrate interface [Fri09]. For a sample implanted with Sr, 

annealing of this sample at temperatures of 1000 ºC for 5 hours caused an epitaxial regrowth 

from the amorphous/crystalline interface, resulting in a relatively stable polycrystalline surface 

layer of about 180 nm thickness [Fri13]. Similar results were obtained previously by Audren 

et al. [Aud08] where iodine ion was implanted in SiC to fluence of 2.7×1014 cm-2. An 

amorphous layer initially extending to a depth of 250 nm, showed some recrystallization on 

annealing at a temperature of 1000 °C for 30 min. The studies by Audren et al. [Aud08] and 

Fridland et al. [Fri09, Fri11, Fri13] suggest that the recrystallization of the amorphous SiC 

starts around 900 ÁC. Annealing temperatures ranging from 850 ęC to approximately 900 ęC 

are required to transform disordered Si-C bonds into the ordered 3C-SiC structure [Wes96]. In 

this study, Ag and Sr were implanted separately into polycrystalline 3C-SiC samples and then 

all samples were annealed under vacuum at temperatures ranging from 1100 to 1500 ęC in steps 

of 100 ęC for 5 hours. The results of the radiation damage evolution and annealing of Ag and 

Sr implanted SiC are presented in chapter 6.  

 

1.4 Diffusion of silver and strontium in SiC 

As mentioned in the second paragraph in section 1.1, during normal operation, TRISO particles 

retain most of the radiological important FPs with the exception of strontium (Sr), europium 

(Eu) and silver (110mAg) [www2]. 110mAg is a strong gamma emitter with a relative long half-

life of about 253 days [Dem12]. Radioactive isotopes of Sr can pose important radiological 

health concerns if released from reactors [Pet03]. This is due to its chemical similarity to 

calcium, which causes it to be deposited in bones. This makes silver and strontium key FPs 

whose transport properties in the TRISO particle need to be investigated. 

 For over four decades, scientists have investigated the migration behaviour of Ag in the SiC. 

Extensive studies have been performed to explain the transport mechanism of Ag, including 

out-of-pile release measurements from irradiated TRISO fuel [Bul84, Bro76, Mer09 and 

Nab77], and ion implantation to investigate silver behaviour in SiC at high temperature [Fri09, 

Hal12, Hal12a and Mac04]. For the last 12 years, the nuclear material group of the University 

of Pretoria's Physics Department has been working on a systematic study of fission product 

elements diffusion in SiC. This has led to several publications of the work on the diffusion of 

silver [Fri09, Hal10, Hal12, Hes19], strontium [Fri12a, Hes19a], iodine [Fri10, Fri11], cesium 
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[Fri12b], and xenon [Fri14]. Studies by Friedland et al. [Fri09, Fri12a] showed that the 

diffusion of Ag and Sr in SiC is mainly due to implant induced radiation damage. There are 

other factors which can enhance the migration or diffusion of fission products in SiC, e.g. 

damage introduced into SiC by high energy fission products [Gir89, Gir90, Lev96, Lhe94].  

In order to understand the transport of silver and strontium through SiC coatings, the effect of 

swift heavy ion irradiation (SHIs) on these FPs must be clarified (i.e. which has not been 

thoroughly investigated).  

A fission reaction occurs (in the kernel inside the TRISO particle) when a uranium nucleus 

interacts with a slow neutron and adsorbs the neutron - see Figure 1.4. The uranium nucleus 

then becomes unstable and splits into smaller nuclei, releasing energy of about 200 MeV and 

two or three neutrons [Kop04]. This energy is of the same magnitude as the SHI energies of 

167 MeV which was used in this study. SHI ions lose most of their energies firstly via electron 

excitations and later nuclear stopping. The energy loss of SHIs as they traverse through SiC 

layer can cause changes in the structure of SiC. The effect of the SHIs on the structure of SiC 

has been studied in many publications [Hal15, Hal16, Kal07, Zin00 and Zin02]. For irradiated 

un-implanted SiC, the phase transition and amorphous latent track formation by SHIs were not 

observed in SiC even up to the practical upper limit of electronic stopping power for SiC, Se = 

34 keV/nm [Kal07, Zin00 and Zin02]. For the pre-implanted SiC samples (i.e. implanted and 

then irradiated by SHI), it was found that the SHIs caused recrystallization of an initially 

amorphous SiC layer [Hal15, Hal16]. These structural changes in the pre-implanted SiC 

samples by SHIs might influence the migration behaviour of FPs in SiC. As extensively 

reviewed in references [Hon11] and [Mal13], the microstructure of SiC can affect the migration 

behaviour of Ag or other FPs. Recently, some studies have investigated the migration 

behaviour of different FPs in SiC after SHI irradiation. No migration of implanted I, Kr and Xe 

in SiC has been detected after SHI irradiation at room temperature and at 500 oC [Aud08, Hal15 

and Hal16]. The effect of carbon irradiation was studied in a post-implanted SiC with Ag ions 

[Len16]. Based on the literature reviewed there are no studies reported on the effect of 

annealing on the migration behaviour of Ag and Sr in the implanted and then SHI irradiated 

SiC. 
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Figure 1.4: Illustration of a uranium fission reaction. Taken from [www3]. 

 

In this thesis the effect of ion implantation, swift heavy ion (SHI) irradiation and annealing on 

the structure of polycrystalline 3C-SiC and migration behaviour of Ag and Sr was investigated 

using Raman spectroscopy, scanning electron microscopy (SEM) and Rutherford 

backscattering spectrometry (RBS). For this, silver (Ag) and strontium (Sr) were implanted 

separately into polycrystalline 3C-SiC substrates. Some of these samples (i.e. SiC implanted 

by Ag and Sr) were irradiated by SHIs. All samples were then annealed under vacuum at 

temperatures ranging from 1100 to 1500 ęC in steps of 100 ęC. The results obtained are 

presented in chapter 6 and show that SHIs has an effect on the migration behaviour of Ag and 

Sr in silicon carbide. 

 

1.5 Research Objective 

The aim of this thesis was two parts. It was first to investigate structural changes in room 

temperature Ag and Sr implanted polycrystalline SiC after SHI irradiation at room temperature. 

Raman spectroscopy was used to study the microstructure of the samples (i.e. irradiated and 

un-irradiated but Ag or Sr implanted samples) before and after vacuum annealing at 

temperatures between 1100 and 1500 °C.  Scanning electron microscopy was used to determine 

morphological changes after these treatments. Although the migration of silver (as well as 

strontium) in SiC has been thoroughly investigated over several decades, there have been very 

few ones on the effect of SHI on this migration. It is known that SHI irradiation affects the 

microstructure of the substrate [Gir89, Gir90, Hal15, Hal16, Lev96, Lhe94]. The 

microstructure of the substrate can again affect the diffusion behaviour. Consequently, the 

thesis also qualitatively investigates the migration behaviour of Ag and Sr in SHI irradiated 

and un-irradiated samples. For this purpose Rutherford backscattering spectrometry was used. 
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1.6 Outlay of this Thesis 

Chapters in this thesis are organized as follows: Chapter 2 discusses diffusion theory, Chapter 

3 ion implantation, Chapter 4 analytical techniques used in this thesis, Chapter 5 experimental 

procedures in details, Chapter 6 presents and discusses the results of this study, Chapter 7 

summarizes the findings and conclusion and Chapter 8 is a summary of research outputs from 

this work. 
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CHAPTER 2 

DIFFUSION 

 

The atoms in a crystal lattice oscillates about a fix position, which is usually its lattice site. The 

atom can change its lattice position if its possess enough potential energy to overcome the 

barrier between its initial position and the final position. The phenomenon of material transport 

by atomic motion from a region of high concentration to a region of low concentration is known 

as diffusion [Cra75]. A net flux results when there are more atoms that are randomly moving 

from a region of higher concentration to a region of lower concentration. Therefore, the 

diffusion transport is strongly dependent on the concentration gradient of the material.  

 

2.1 The Diffusion coefficient 

Fickôs first law [Fic55] states that the flux (J) of diffusing particles is in such a way as to reduce 

the particles number density (i.e. concentration) (C); that is, the particles move from a region 

of higher concentration to a region of lower concentration ï see Figure (2.1). The particles can 

be atoms, molecules, or ions. Fickôs first law is also known as steady state diffusion and can 

be expressed in one dimension as  

ὐ Ὀ
ȟ

                                                     (2.1) 

where J is the flux of particles (i.e. diffusion flux) and C number density (i.e. concentration). 

The negative sign in equation (2.1) indicates that diffusion is occurring in the opposite direction 

to the increase in concentration. Diffusion is a process which leads to an equalisation of 

concentration. The factor of proportionality, D, is denoted as the diffusion coefficient or as the 

diffusivity of the species considered. 

The diffusion flux (J) is expressed in number of particles (or moles) that flow through a unit 

area per unit time and the concentration in number of particles per unit volume. Therefore, the 

diffusion coefficient D has the dimension of length2 per time and in our measurements bears 

the unit [nm2 sī1]. 
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Figure 2.1: Illustration of Fickôs ýrst law 

 

In most systems where diffusion occurs, the concentration changes with time, and this changes 

equation (2.1) and a new law is, therefore needed. The change in the concentration (C) with 

time is expressed by Fickôs second law in equation (2.2), which is derived from the continuity 

equation (2.1).  

 

Figure 2.2: A differential volume element in a bar of cross-sectional area A. The 

impurity fluxes entering and exiting the volume are denoted by J1 and J2 respectively. 

Taken from [Cam96].  

 

In Figure (2.2), A is the cross-sectional area shown as a bar. From Figure (2.2), if we take two 

cross-sections separated by a distance dx, the flux through the first cross-section J1 will not be 

the same as the flux through the second cross-section (J1ÍJ2).  Then  

                                                     (2.2) 
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As J2ÍJ1, the concentration of the diffusing particles in the small volume element of the bar 

should change. Since the number of impurity atoms in the volume element is the product of the 

concentration and the differential volume element (A. dx), the continuity equation is then  

ὃȢὨὼ ὃὐ ὐ ὃȢὨὼ                               (2.3) 

Equation (2.3) can thus be written as 

                                                            (2.4) 

We can substitute equation (2.1) into equation (2.4) to yield [She89]: 

 ὼȟὸ  Ὀ                                          (2.5) 

If the diffusion coefficient D is assumed to be independent of the position, then the continuity 

equation (i.e. Fickôs second low) can be written as 

 ὼȟὸ Ὀ                                                 (2.6) 

For an isotropic medium, in three dimensions, Fickôs second law (equation 2.6) can be written 

as  

Ὀɳ ὅ                                                 (2.7) 

In a limited temperature range the temperature dependence of diffusion coefficient (D), is given 

by an Arrhenius equation [Sha73]:   

D = D0 exp                                               (2.8) 

where Ea is the activation energy, k is the Boltzmann constant, D0 is the pre-exponential factor 

and T is the absolute temperature in units of Kelvin.  

 

2.2 Evaluation of the diffusion coefficient 

Several methods of evaluating the diffusion of impurities in different materials can be found in 

[Hei05 and Cra75].  

In this work, as will be discussed in more detail in ion implantation in section 3.5, the implanted 

profile is usually very near a Gaussian function. This is due to the statistical nature of the 

collisions between energetic impinging ions with the substrate atoms [Mal17]. In this study, 

the diffusion of silver in silicon carbide after annealing at temperatures ranges from 1100 ęC to 

1300 ęC (to be discussed in chapter 6), were found to be Fickian. To solve the diffusion 

coefficient D for the Fickian diffusion at the above annealed samples, Malherbe et al. [Mal17] 

derived a solution to the Fick diffusion in equation (2.5) for an original Gaussian profile with 

projected range Rp and range straggling æRp - see equation below 
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ὅ‚ȟπ ὃ Ὡὼὴ
Ў

                                        (2.9) 

 Here, ɝ is the depth below the surface. The solution for the diffusion of the implanted profile 

with annealing time is given by the equations (2.10) and (2.11) below 

ὔὼȟὸ
 Ȣ  Ў

 Ў
 Ὡ Ў ρ ὩὶὪ

Ў
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Ў
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and  
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 (2.11) 

 

There are two extreme cases for the parameter k in the above equation. k= -1 represents the 

case of a perfect reflecting surface, while k= 1 represents in the case of a perfect sink at the 

surface of the substrate. Because our implanted species (Ag and Sr) are deep implants in SiC 

and have low vapour pressure, these implanted atoms will immediately sublimate when they 

reach the surface of SiC. Therefore, we used k= 1 in this study.  

To measure the diffusion coefficients at the different annealing temperatures, a software 

package (i.e. MATLAB program) was written in-house to fit our data and extract diffusion 

coefficients. As will be discussed in chapter 6 some of diffused profiles exhibited asymmetric 

peaks (i.e. not Gaussian). Those profiles could not be fitted to equation (2.10).  

 

2.3 Diffusion Mechanisms 

The diffusion in crystals takes place due to the presence of defects. Therefore, for diffusion to 

take place an atom must have enough energy to be able to break the bonds with its neighbouring 

atoms and move to a new site, which can be a defect or empty site. The defect structure includes 

point defects such as vacancies and interstitials (Frenkel-pairs) as well as planar defects 

(dislocation or stacking faults), complex defects (defect resulting from clustering of point or 

planar defect) and grain boundaries. Defect structure plays a role in the diffusion mechanism 
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and it is very important to understand it. Therefore, in this section the three major diffusion 

mechanisms namely: vacancy, interstitial and high diffusivity path mechanisms, are discussed. 

A discussion of the other mechanisms is given in reference [Hei05].  

 

2.3.1 Vacancy Mechanism 

 The unoccupied lattice sites in a crystal are a type of point defect which is known as vacancies 

[Cal07], and it plays a role in the diffusion of impurities. In the vacancy mechanism [She89], 

the atom in a crystal will interchange its position with the neighbouring vacancy. When this 

happens, the atom which has moved leaves a vacancy behind. Therefore, during the movement 

of the atom, the vacancy seems to have also moved or jumped in the opposite direction of the 

atom (see Figure 2.3). In this figure, the solid circle and dotted circle represent the atom and 

vacancy respectively, while (a) and (b) illustrate the position before and after the diffusion.   

 

Figure 2.3: Schematic representation of the vacancy diffusion mechanism: the dotted 

circle represents a vacancy, the open circles represent atoms, (a) and (b) shows the 

positions before and after diffusion respectively.  

 

2.3.2 Interstitial Mechanism 

In interstitial diffusion (shown in Figure 2.4) [Cal07] an atom migrates from one interstitial to 

another without displacing any of the lattice atoms. An interstitial atom can be either smaller 

or bigger or the same size as the host atoms. In general, the interstitial diffusion is faster than 

the vacancy diffusion since there are many more interstitial sites than vacancy sites. And also 

the bonding of interstitials to the surrounding atoms is normally weaker.  

A related diffusion mechanism is known as interstitialcy diffusion [Sha70, She89] and is shown 

in Figure 2.5. In this case, the interstitial atoms have approximately the same size as the host 

atoms. These interstitial atoms can move into another normal lattice site by pushing one of its 

nearest neighbour lattice atoms out of a lattice position into an adjacent lattice site.   

(a) (b)
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Figure 2.4: Interstitial mechanism, (a) before and (b) after an interstitial diffusion. 

 

 

Figure 2.5: The process of interstitialcy mechanism, (a) before and (b) after 

interstitialcy diffusion took place. 

 

2.3.3 High diffusivity paths 

Vacancy, interstitial or interstitially diffusion, as discussed above, is temperature dependent. 

These diffusion mechanisms are known as volume diffusion. In the high diffusivity paths, the 

mean jump frequency of atoms at dislocations loops, grain boundaries, or surface is much 

higher than that of the same atom in a lattice position. Therefore, this diffusivity is higher in 

these mechanisms. These kinds of diffusion can take place in the polycrystalline material, 

similar to the material used in this study.  

The diffusion in polycrystalline material is a more complex process due to the fact that these 

materials are composed of a large number of crystallites whose has different size, shape and 

composition distributions. Here, the grain boundary diffusion can rarely be decoupled from 

lattice or volume diffusion as the diffusion species can also leak from the boundary into the 

lattice and vice versa. Therefore, the diffusion of impurities/atoms can occur along volume, 

grain boundaries and surface in polycrystalline materials [Poa78].    

(a) (b)

(a) (b)
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2.4 Analysing diffusion coefficients  

There are several analytical methods to determine impurity diffusion coefficients in different 

materials. Some of these analytical methods are discussed by Heitjans et al. and Poate et al. 

[Hei05, Poa78]. In this thesis, Rutherford backscattering spectrometry (RBS) was used, which 

is one of the ions beam analytical techniques. RBS is discussed in detail in chapter 4. In general, 

RBS is used in materials sciences to determine the structure and composition of materials. This 

done by measuring the backscattered charged particles of known incident energy (alpha 

particles were used in this study) from the specimen of interest.   
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CHAPTER 3 

ION IMPLANTATION AND ION IRRADIATION  

 

Ion implantation is widely used in the fabrication of semiconductor devices and in different 

material doping processes [Lar12]. It can be explained as the penetration of ions into the 

material, whereby the ions collide with the host material leading to the ions loosing of energy 

and eventually coming to rest inside the material. The energy is lost through inelastic and elastic 

collisions with the target atoms. When this technique is used, it is important to be able to predict 

the final distribution of the ions in the material.   

Irradiation by swift heavy ions (SHIs) is slightly different from normal ion implantation, due 

to the difference in the energy of ions.  SHIs have large energies in the range of MeV to GeV, 

while ion implantation energies range from 10 to 500 keV. SHIs also lose their energy via 

inelastic and elastic collisions with the target atoms until they come to rest inside the material. 

The differences between SHIs and ions implantation, the final distribution of ions within the 

substance, ion energy deposition and the contribution of atomic collisions (nuclear stopping) 

and electronic excitations (electronic stopping) which will be discussed later. The final ion 

distribution can only be calculated if all the processes involved until the ion comes to rest inside 

the material of interest are clearly understood. Hence this chapter describes the most important 

processes that occur during SHIs and ion implantation. 

   

3.1 Stopping Force 

The theory in this section is discussed in all the standard textbooks and review papers in the 

field such as [Was07 and Wi173]. The energy loss of ions within the material is the factor that 

affects the final distribution of ions and defects. The stopping force depends on the type and 

energy of ion and on the properties of the substrate material. The stopping force (S) (sometimes 

termed as stopping power) of a target is defined as the energy loss per unit path length at a 

particular depth of the particle due to its interactions with substrate atoms. 

The transfer of energy from an energetic ion to the material can be divided into two independent 

processes, namely nuclear energy loss and electronic energy loss. The nuclear energy loss is 

caused by elastic collisions between the ion and nuclei of the atoms in the material/ substrate. 

The electronic energy loss is caused by inelastic collisions between the ion and electrons of the 
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target atoms. These two kinds of stopping force are described in sections 3.1.1 and 3.1.2. The 

stopping force (S) is equal to the sum of both nuclear stopping force (Sn) and electronic stopping 

force (Se). The stopping force can be written as: 

S =  = +                                             (3.1) 

where n and e represent nuclear and electronic stopping force respectively.   

From the equation (3.1), the stopping cross section can be determined by dividing the total 

stopping force S by target density N:  

Ů = -                                                      (3.2) 

where ὑ is the stopping cross section. 

The actual distance travelled by an ion before finally coming to rest in a target material is called 

the range of the ion. The mean total range of the ions (i.e. average total range of the ions) can 

be calculated by integrating the energy loss  

Ὑ  = ᷿
 

᷿
ϳ ϳ

                               (3.3) 

where Ὑ  is the average total range of the ions and Ὁ is the incident ion energy. The range of 

ions will be discussed extensively in section 3.4.   

In nuclear stopping force, the elastic collisions between the projectile ion and the target atoms 

result in a transfer of a large amount of energy and momentum of the projectile ion to the target 

atoms. This can cause a significant change in the ion directions within the target and 

displacements of target atoms from their lattice positions. As mentioned above, in the case of 

electronic stopping force, the slowing down of the charged ion is due to inelastic collisions 

between the charged ion and electrons in the material.  

The stopping force depends on the type and energy of the particle/ion and on the properties of 

the substrate material. At low ion energies the nuclear stopping dominates, while at high ion 

energies the electronic stopping dominates. In electronic stopping force, the direction of the 

particle (i.e. ion) effectively does not change, and the path is almost completely a straight line 

(i.e. heavy charged particles are much more massive than electrons; therefore, such heavy ions 

are only slightly deflected by the electrons of the atoms). In nuclear stopping force, the 
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particle/ion interacts with a nucleus of the target atom and a significant deviation from the 

initial direction of the particle may occur. The different regimes in energy loss is shown in 

Figure 3.1. In Figure 3.1, the three energy regions L, I and H are representing the low energy 

region, intermediate and high energy region respectively. At low energies which are below the 

critical energy (Ec) (shown in Figure 3.1), nuclear stopping is the dominant stopping 

mechanism. At higher energies (> Ec), the electronic stopping starts to dominate and reaches a 

maximum then decreases at the very high energy region or Bethe-Bloch region. In the L region, 

ɜ1ԇɜ0 ὤ
ϳ

, in I region ɜ1åɜ0 ὤ
ϳ

 and in the H region ɜ1>>ɜ0 ὤ
ϳ

, where ɜ1 and ɜ0 are 

represent the velocity of the ion and Bohr velocity respectively, and Z1 is the atomic number 

of the ion. In this study, we are interested in the low and intermediate energy loss regimes as 

will be discussed later in section 3.1.2.   

 

Figure 3.1: The nuclear Ůn and electronic Ůe stopping force as a function of the ion 

energy E. Redrawn from reference [Was07].  

    

As mentioned above, the electronic stopping force reaches a maximum and decreases again at 

the high energy region which is described by Bethe-Bloch equation [Bet30] where the ion has 

a very short time to interact with the target atoms due to its high velocities. 
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3.1.1 Nuclear Stopping 

 In this energy loss mechanism, the charged particle loses its energy through a series of elastic 

two-body collisions with target atoms. Thus, this scattering will be described by the potential 

between the charged ion and target atom. In the case of head-on collision, the colliding ion will 

backscatter from the target atom due to the repulsion between the colliding ion and target 

nuclei. In this case, the interatomic potential between the two positive charges of ion and the 

target atom can be represented by equation (3.4) below 

V(r) =                                                 (3.4) 

where Z1 and Z2 are the atomic numbers of the ion and target respectively, e is the electron 

charge, r is the interatomic distance, ‐ is the permittivity of free space and  is the 

screening function which depends depending on the electron density distribution in the two 

atoms [Gna99]. The interatomic potentials for a many number of atomic pairs have been 

calculated using the Hartree-Fock method [Zie85].  

The elastic collision between the energetic ion of mass M1 and target atom of mass M2 results 

in the transfer of kinetic energy T from the energetic ion to the target atom. This transferred 

energy can be calculated using equation (3.5) below. The kinetic energy (T) can be calculated 

from the conservation of energy and momentum. From equation (3.5), T is calculated from the 

atomic masses of the projectile M1 and the target atom M2, projectile/ion energy E0 and 

scattering angle — in the centre of mass system [Was07]. The scattering angle — is the angle at 

which the incident particle/ion scatters from the target atom. The kinetic energy (T) is generally 

given as:   

T = E0 
 

 ÓÉÎ                                       (3.5) 

and in the laboratory system [Tho06] as: 

T = E0 
 

 ÃÏÓ—                                      (3.6) 

In the laboratory system, an elastic collision between the ion and a target atom is shown in 

Figure 3.2. In this Figure, the elastic collision caused the deflection of M1 and M2 with angles 

relative to the M1 original trajectory, of — and ű, respectively.  
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Figure 3.2: Collision trajectory between ion M1 of initial energy E0 and the target 

atom M2 (initial), causing M2 to move with energy E2 and the deflected M1 with reduced 

energy E1.  

  

Knowing the interatomic potential, it is possible to derive the average nuclear stopping force 

Sn which defines the average energy that is transferred by each nuclear collision if the particleôs 

initial energy is E0. Sn can be calculated by integrating the energy transfer ὝὉȟ— of a nuclear 

collision event over all possible impact parameters b [Zie88]. 

Sn = ς“ ᷿  ὝὉȟὦὦὨὦ = ς“
 

Ὁ᷿  ÓÉÎ ὦὨὦ             (3.7) 

 

3.1.2 Electronic Stopping 

In the electronic stopping force, the slowing down of an energetic ion when it penetrates the 

material is caused by the inelastic collisions between the ion and the target electrons. During 

this process, the energy transfer from the ion to the target electrons is more complicated 

compared to the nuclear stopping discussed in the above section. The processes facilitating this 

transfer of kinetic energy from the ion to the target electron have been investigated for many 

years [Zie85]. These include the excitations and ionization of target atoms and excitations, 

ionization or electron-capture of the incident ion. The energy loss process is usually divided 

into three parts based on the ion velocity with the Bohr velocity as:  

ɜ0 = Ὡ/˂                                                      (3.8) 
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where v0 is the Bohr velocity, e is the electron charge and  ˂is the reduced Planckôs constant, 

in which  equals Ὤς“ϳ . As shown in Figure 3.1, the L region deals with the low energy region, 

where the ionôs velocity ɜ1 is less than ɜ0 ὤ
ϳ

. The ɜ0 ὤ
ϳ

 for silver and strontium ions is 

2.8×109 cm/s and 2.5×109 cm/s respectively. At 360 keV ion energy, silver and strontium have 

an initial velocity of 8×107 cm/s and 8.9×107 cm/s respectively, which is less than it is ɜ0 ὤ
ϳ

. 

At these ion velocities, the ion cannot transfer enough energy to electrons that are much lower 

in energy than the Fermi level. Thus, in this region only electrons in energy levels close to the 

Fermi level are contributed in the inelastic energy loss process. In this low energy region, the 

electronic stopping has been calculated by assuming a free electron gas with a density ɟ. Then, 

the electronic stopping Se of a charged particle can be written [Lin54] as: 

Se = ᷿ ὒὺȟ” ὤ ὺ ”Ὠὠ                                          (3.9) 

where Se is the electronic stopping, L is the stopping interaction function of the particle (ion) 

of a unit charge with velocity v. Z1 is the atomic number of the incident ion, and ɟ is the electron 

density of each volume element of the target dV.  

The second region of the energy loss process deals with the so-called intermediate region, 

where the ion velocity v1 is almost equal to v0 ὤ
ϳ

. In the second region of the energy loss 

model, the particle (ion) is partly ionized and the electronic stopping reaches it maximum 

(Figure 3.1). For swift heavy ions irradiation, the ɜ0 ὤ
ϳ

 for xenon ions is 3.14 × 109 cm/s. At 

167 MeV ion energy, xenon has an initial velocity of 1.57 × 109 cm/s, which is close to the 

value of ɜ0 ὤ
ϳ

.  

The third region in the model (H region in Figure 3.1) is described by the Bethe-Bloch equation 

[Bet30] for very high velocities, where the ion velocity is now given by the condition ɜ1>>ɜ0 

ὤ
ϳ

. The electronic stopping in this region is proportional to ὤ  and is given as: 

Ůe = 
 

 ÌÎ
 

ÌÎρ ‍ ‍                (3.10) 

where me is the mass of electron, v1 the velocity of the projectile, ɓ is the velocity of the 

projectile divided by the speed of light (ɓ = v/c). ὅὤϳ  is the shell correction, ‏ is the density 

function due to dielectric polarization of the stopping medium at very high kinetic energies, 

and I is the mean excitation potential which is defined theoretically [Kam84] as: 

ÌÎὍ = В ὪÌÎὉ Ὁ                                     (3.11) 
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where fn is the corresponding oscillator strengths for target atoms, E0 and En are the ground 

state and the possible energy transitions respectively. Many models have been used to estimate 

I. An approximation for I is given by Blockôs rule [Blo33]: 

I = (10 eV) Z2                                           (3.12) 

In this thesis, we are interested in the low and intermediate energy loss regimes depicted in 

Figure 3.1. The low energy regime is for the implantation of silver and strontium of 360 keV 

into SiC and intermediate energy regime for the Rutherford backscattering spectrometry (RBS) 

which using 1.6 MeV Ŭ- particle to measure the implanted ions in the SiC. In our RBS system, 

the ɜ0 ὤ
ϳ

 for Ŭ- particle is 3.5 × 109 cm/s. At 1.6 MeV ion energy, Ŭ- particle has an initial 

velocity of 8.77 × 109 cm/s, which is close to the value of ɜ0 ὤ
ϳ

. As mentioned above, the 

swift heavy ion irradiation of xenon ions with 167MeV into SiC is in the intermediate energy 

loss regime.  

 

3.2 Energy loss in compounds 

For the work presented in this thesis, we used SiC as a substrate for the ion implantation and 

SHIs irradiation. The energy loss discussed in the above sections is for a target consisting of 

one element. This section will discuss the energy loss behaviour in multi element targets or 

compounds.  

The binary compound Am Bn is composed of two different elements A and B. The collisions 

between ions and component target are still considered to be independent encounters taking 

place one at a time. Therefore, the total stopping of an ion penetrating the compound can be 

found using a simple additive rule. This rule is known as the Bragg rule [Bra05] where the 

stopping cross section of element A and B are written as ŮA and ŮB respectively. So, the total 

stopping cross section is given by Bragg rule [Bra05] and shown in equation (3.13) below. 

‐  = ά‐ ὲ‐                                         (3.13) 

where m and n are the relative molar fractions of the compound consisting of elements A and 

B. 

Deviations of the energy loss from the Braggôs rule have been found experimentally [Zie88]. 

This is due to the chemical and physical state of the material. Otherwise, the rule assumes that 

the projectile ion-target atom interaction is independent of the environment [Tes95]. Marked 
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deviations of the order of 10%-20% from the Bragg rule have been observed in experimental 

results for the stopping maximum for light organic gasses, as well as solid compounds. The 

deviations are especially evident when there are large differences between the atomic masses 

of the constituents such as in the case of oxides and nitrides of heavy metals [Zie88]. These 

deviations led to the development of the óCore and Bondsô model (CAB) with respect to 

correcting for the chemical state of the compound [Zie88]. The compoundôs stopping force is 

estimated from the measured values of 114 organic compounds. In this model for the stopping 

of ions in compounds, it is assumed that two contributions are involved. These are the effects 

of the non-bonding core and the bonding valence electrons. To determine the CAB correction, 

the bond structures of the compound must be known.  

 

3.3 Energy Straggling  

An energetic ion moving through a substrate loses its energy via many interactions with the 

mediumôs atoms. The discreteness of such interactions leads to statistical fluctuations. This 

means, that identical energetic ions with the same initial energy when entering the medium will 

not have the same energy after traversing the same thickness (x) of the same medium. This 

phenomenon is known as straggling [Fe186].  

In the electronic energy loss, the straggling is derived from the Bloch-Bethe equation [Boh48, 

Fe186] discussed in equation (3.10). This so-called Bohr straggling is given by: 

   = τ“ὤὤὩὔὼ                                           (3.14) 

where    is the variance of the average energy loss of a projectile after passing a target 

thickness x. The distribution of the energy loss which arises from many independent collisions 

becomes approximately Gaussian when the energy loss is small compared to the incident 

energy [Fe186]. Therefore, the full width at half maximum (FWHM) of energy loss distribution 

is then given by FWHMB = 2ɋBЍςÌÎς , where ɋB is the standard deviation. The Bohr theory 

of straggling has been extended by Lindhard et al. [Lin53] to include corrections for energies 

where the assumptions may not be valid. In a compound target, the total energy straggling is 

found by a linear additivity rule in a similar way to the Braggôs rule for energy loss [Chu76, 

Tes95].  
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3.4 Range and Range Straggling 

The mean total distance travelled by energetic ions with initial energy E0 from the surface of 

the material to the point where they stop is called the mean total range RT. The mean total range 

RT was given by equation (3.3) above. 

During the energy loss processes, the statistical fluctuation of interactions and multiple 

scattering of an ion from the target atoms lead to zigzags in the ion's path. The phenomena of 

statistical fluctuation of interactions causes ions with the same initial energy to be implanted at 

different depths. Therefore, by taking all these factors into account, the range of an ion is given 

by equation (3.15) below. 

Ri = Вὰ                                                    (3.15) 

where Ri is the range of an ion and l i is the length of an individual sections of the ion moving 

through a target medium (see Figure 3.3). The mean total range of the ions (i.e. average total 

range RT) is given by 

Ὑ
Ễ

                                               (3.16) 

where RT is the mean total range of the ions, Ri is the range of an ion and n is the number of the 

incident ions.  

Figure (3.3) shows two charged particles moving through a material, i.e. one particle with a 

low incident energy to simulate the implantation ion and another with high incident energy to 

simulate the swift heavy ion irradiation. The path of the ion with the higher incident energy in 

matter is nearly a straight line in the beginning due to electronic stopping, while at the end, 

(after loss of most of the ionôs kinetic energy) the ion follows a zigzag path due to nuclear 

stopping. The low energy ion takes a shorter path with large deflections. The straight distance 

(which is perpendicular to the target surface) from the target surface to where the ion comes to 

rest, is referred to as the projected range Rp of the ion ï see Figure 3.3. Due to scattering of the 

ion in its interactions with the substrate atoms, projected range (Rp) is always smaller than the 

range of an ion Ri. Furthermore, multiple collisions between an ion and the target atoms will 

cause an ion to deviate from its original path, making it to spread out. The average of all the 

ion ranges and ion projected ranges give the terms ion range R and projected range, Rp, for a 

particular substrate and ion with a specific initial energy.   
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Figure 3.3: The projected range Rp and the total range R for incident ion with low 

(top figure) and high (bottom figure) energy in target material. 

 

The implanted profile is usually very near a Gaussian, as represented in Figure 3.4, which also 

shows Rp, FWHM and æRp. This is due to the statistical nature of the collisions between 

energetic impinging ions with the substrate atoms [Mal17]. The concentration of incident ions 

as a function of depth x is given by [Hic07]:  

ὅὼ ὅ Ὡ Ў                                               (3.17) 

where æRp is the standard deviation of the distribution (range straggling), Rp is the projected 

range and Cp is the maximum concentration value/height in Gaussian ion distribution which is 

given by [Agu88]: 

ὅ
ᶮ

Ў
                                                      (3.18) 

where the ion fluence is ɲ  (ion/cm2), N is atomic density of the substrate. The range straggling 

is defined by:  

ЎὙ
ᶮ
᷿ ὼ Ὑ ὅὼ Ὠὼ                                    (3.19) 
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The average depth of the implanted ions is called the projected range (Rp), and can be estimated 

by: 

Ὑ
ᶮ
᷿ ὼ ὅὼὨὼ                                           (3.20) 

The FWHM of the implantation profile can be calculated from the standard deviation (i.e. range 

straggle (æRp)): FWHM = 2 (æRp)ЍςÌÎς. Our strontium and silver implanted depth profiles 

were found to be near Gaussian- see Figure 3.4. The implanted distribution of 167 MeV Xe 

ions is too deep to be determined by our RBS measurement conditions (see section 3.5). The 

other moments in a general implantation profile such as skewness and kurtosis can be obtained 

by equations (3.21) and (3.22) respectively. Skewness, ɔ, measure the degree of asymmetry of 

a distribution. The skewness of a profile can has a positive value if the distribution has an 

asymmetric tail extending towards more positive values, and if the opposite occurs the 

skewness will have a negative value. 

‎
᷿  

 ɲЎ
                                       (3.21) 

‍
᷿  

 ɲЎ
                                       (3.22)  

‍ is the kurtosis and described as the contribution ion distribution profile tail over the flatness 

of the profile shape. For a perfect Gaussian profile, the skewness and kurtosis should equal to 

zero and 3 respectively.   

Strontium and silver depth profiles are shown in Figure (3.4). The as-implanted Sr and Ag 

depth profiles were fitted to an Edgeworth distribution using the Genplot fitting function 

program to obtain the projected range (Rp), range straggling æRp, skewness (ɔ) and kurtosis (ɓ). 

The Edgeworth distribution is expressed as: 

ὔὼ ὃὪὼὩ
Ў

                                          (3.23) 

Ὢὼ ρ
Ў

σ
Ў Ў

φ
Ў

σ   (3.24) 

For Sr profile the skewness (ɔ) = 0.1, kurtosis (ɓ) = 2.93, projected range (Rp) = 146 nm and 

straggling (æRp) = 40 nm, while for Ag profile peak the skewness (ɔ) = 0.4, kurtosis (ɓ) = 2.8, 

projected range (Rp) =114.6 nm and straggling (æRp) = 43 nm. 
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Figure 3.4: The final distribution of implanted strontium and silver ions as function 

of distance in the material, which is obtained experimentally by RBS. The projected 

range Rp, projected range straggling æRp and the full width at half maximum (FWHM) 

and their values are indicated in this figure. Values were obtained by fitting the as-

implanted Sr and Ag spectrum depth profile with a Gaussian distribution.  

 

3.5 The distribution and simulation of implanted and irradiated ions 

 The final depth and distribution of ions in the implanted target is dependent on a large number 

of factors. These factors include the ionôs kinetic energy, atomic number of the ion, the ion 

incident angle, properties of the substrate/implanted material such as atomic number and mass 

of atoms forming it and its microstructure [Gib75]. The crystallinity and temperature of the 

target and fluence of implanted ions play an important role in the final distributions of ions 

[Gib75].  

It is important to use a Monte Carlo program to simulate the ion implantation or swift heavy 

ion irradiations before performing it experimentally. This program gives an idea of what to 

expect in the experimental results. Here, we will discuss the computer simulation performed 

before the implantation of strontium, silver and swift heavy ion irradiation of xenon into silicon 

carbide.  

In this thesis, we used the SRIM software (which is based on a Monte Carlo simulation method) 

to calculate the interaction of ions with matter. The Stopping and Range of Ions in Matter 

(SRIM) [Zie13] software was developed to determine the ion range, damage ranges and 

distribution of the damage in the implanted material. Also, SRIM determines the angular and 

energy distributions of backscattered and transmitted ions in amorphous targets. As the SRIM 

software assumes the target to be amorphous, the calculation of SRIM software does not 
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considered the channelling of bombarding ions. SRIM has an error of approximately 5-10% 

[Zie13]. The efficiency of SRIM is achieved by the fact that the program does not take into 

account the structure nor dynamic composition changes in the material that is caused by the 

ions penetrating it. When performing the calculations, SRIM assumes the following: 

¶ Binary collisions i.e. ignoring the influence of neighbouring atoms.  

¶ Recombination of atoms with vacancies is also neglected; 

¶ The electronic stopping force is an averaged fit from a large number of experimental 

stopping force data of various elements; 

¶  The interatomic potential used in nuclear stopping has a universal form which is an 

averaging fit to quantum mechanical calculations from the experimental data; 

¶ This program considers the target as an amorphous material. 

Figure 3.5 shows the SRIM [Zie13] results of 360 keV strontium (Sr) and of 360 keV silver 

(Ag) implanted in SiC. The experimental results of Sr and Ag depth profiles from RBS (the red 

profiles) are included for comparison. The estimated implantation depth distribution of Sr and 

Ag ions from SRIM (the black profile - see Figure 3.5) is near a Gaussian distribution with 

projected range (Rp) of 138 nm and 109 nm for Sr and Ag respectively. The bottom of Figure 

3.5 showing the energy loss profiles (i.e. electronic and nuclear energy loss) of Sr and Ag ions 

implanted separately into SiC. The electronic energy loss is higher at the surface but reduces 

as it enters deeper into the target, while nuclear energy loss increases. As mentioned above, 

this due to the fact that the ion energy decreases as it penetrates deeper into the target, resulting 

in increased nuclear energy loss. Table 3.1 below showing the experimental Rp, ȹRp, ɔ and ɓ 

values of Sr and Ag implanted separately into SiC at room temperature with SRIM obtained 

values. 

 

Table 3.1. The experimental Rp, ȹRp, ɔ and ɓ values of Sr and Ag implanted separately in SiC 

at room temperature with SRIM obtained values 

 Projected 

range (Rp) 

Range 

straggling (ȹRp) 

Skewness 

(ɔ) 

Kurtosis 

(ɓ) 

SRIM simulation (Sr) 138 nm  38 nm 0.03 2.79 

As-implanted profile (Sr) 146 nm 40 nm 0.1 2.93 

SRIM simulation (Ag) 109 nm 28 nm 0.06 2.79 

As-implanted profile (Ag) 114.6 nm 43 nm 0.4 2.8 
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The discrepancy in the projected ranges calculated by SRIM and the one obtained from the 

experimental data (see Table 3.1) was about 5.5% and 4.9% for Sr and Ag respectively (the 

experimental Rp was larger than the one by SRIM). However, the projected ranges of Ag 

profiles (as well as Sr profiles) from RBS and SRIM are effectively in agreement with each 

other because of the experimental error (about 5-10%) for depth profile. Another important 

aspect follows from the values of the third and fourth moments (i.e. skewness and kurtosis) of 

the Ag and Sr as-implanted profiles. They show that these profiles are very near to a Gaussian 

profile. From equations (3.21) and (3.22), it follows that a perfect Gaussian profile the 

skewness ɔ = 0 and the kurtosis ɓ = 3 for the Edgeworth function. The as-implanted values of 

ɔ = 0.1 and ɓ = 2.93 for Sr profile and as-implanted values of ɔ = 0.4 and ɓ = 2.80 for Ag profile 

are near to the ideal Gaussian profile values (i.e. ɔ = 0, ɓ = 3). The Sr and Ag as-implanted 

profiles is nearly symmetric because a ɔ value between -0.5 < ɔ < 0.5 is generally accepted to 

give a fairly symmetric profile. A positive sign for ɔ implies that the depth profile was skewed 

behind Rp. The fact that the Sr and Ag as-implanted profiles are nearly Gaussian is important 

for this study because it means that to determine the diffusion coefficient D from annealed 

samples/profiles, the solution to the Fick diffusion equation for an initial Gaussian profile by 

Malherbe et al. [Mal17] can be used. From Table 3.1, there is a discrepancy between the 

projected range straggling calculated by SRIM and the one obtained from the experimental 

data. This discrepancy in the projected range straggling between our RBS results and SRIM 

simulation can be attributed to some assumptions made in the SRIM program (as mentioned 

above) such as:  

¶ The SRIM program assumes only binary collisions and the effects of neighbouring 

atoms are neglected. 

¶ The SRIM program considers the target as an amorphous material with random atom 

locations. Thus, the properties of the crystal lattice are ignored.  

¶ The recombination of vacancies and interstitial atoms resulting from bombardment 

processes is neglected by the SRIM program. 
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Figure 3.5: Results of SRIM 2010 calculations for strontium (360 keV) and silver 

(360 keV) implanted on 3C-SiC. A typical strontium and silver depth profile (red peaks) 

measured by RBS is also included on the top figure. The bottom figure shows the 

electronic and nuclear energy loss for strontium (360 keV) and silver (360 keV) ions. 

 

Figure 3.6 shows the SRIM results of Xenon (Xe) ions irradiated in SiC at energy of 167 MeV. 

These results showed that the Xe projected range around 13 ɛm, which is too deep to be 

determined by our RBS measurement conditions. In this energy (i.e. 167 MeV), the electronic 

energy loss is higher at the beginning, while the nuclear energy loss increases as the ion gets 

deeper into the target ï as shown at the bottom of Figure 3.6. 
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Figure 3.6: Results of SRIM 2010 calculations for xenon (167 MeV) irradiated on 

3C-SiC. The bottom figure shows the electronic and nuclear energy loss for xenon (167 

MeV) ion. 

 

3.6 Radiation Damage 

The transferred energy by an energetic ion or moving ion to the target atom result in a damaged 

crystal lattice. This due to the destruction of the lattice structure by ion implantation. To 

destruct the lattice structure in a substrate, an energetic ion should transfer sufficient energy to 
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the target atoms to displace them from their lattice sites. The minimum amount of energy that 

is required to displace a lattice atom from its original position is called displacement energy 

(Ed) (i.e. to create a vacancy site in the lattice of the substrate). In this study we used silicon 

carbide as a substrate, where the displacement energies for silicon and carbon are 35 eV and 

20 eV respectively [Dev01]. The defects introduced into the crystal structure during ion 

implantation are known as radiation damage. In crystals the defects are categorized as point 

defects, planar defects, volume defects or linear defects [Nas06]. The amount of radiation 

damage produced during implantation depends on some factors such as type of ion, kind of 

target, implantation temperature and implantation fluence. If the damage is beyond a certain 

point in a target material, it will cause the formation of an amorphous layer. During the ion 

implantation a disorder is produced by each incident ion. Therefore, increasing the ion dose 

leads to an increase in the disorder until all atoms have been displaced and an amorphous layer 

(over a depth of Rp) is generated [Nas06]. 

Radiation damage in SiC has been studied widely in last few decades [Kat06, Mal13, Sne07, 

Web00, Wen98 and Wes96]. Studies by McHargue et al. [McH93] showed that ion 

implantation at room temperature easily induces amorphization in silicon carbide even at low 

ion energies in the order of few hundred kilo-electron-volts irrespective of the ions implanted. 

However, studies by Hobert et al. [Hob97] showed that implantation of very light ions (i.e. 

He+) into SiC results in the production of strongly disturbed but still crystalline layers in SiC. 

At low ion implantation fluence (i.e. ion fluences Ò1013 ions per cm2) the radiation damage can 

be limited to the formation point defects, dislocation loops, stacking faults and localized 

amorphous zones [Nag75]. Naguib and Kelly, [Nag75] also state that, complete amorphization 

can be obtained when ion þuence is in the range from 1013 to 1016 ions per cm2. In this study, 

silver and strontium ions were implanted separately into SiC at room temperature to a fluence 

of 2×1016 cm-2. Ag and Sr ions implantation result in amorphization of the near surface region 

of SiC as presented in chapter 6. It is also shown that the radiation damage (i.e. defects) play a 

crucial role in the transport of Ag and Sr in SiC. 

Annealing out of the radiation damage in SiC have been studied widely by using several 

techniques such as; RBS-channelling [Fri09, Fri11, Hal10, Hal12, Hal12a, Kat06, Vis11 and 

Wen98], elastic recoil detection analysis (ERDA) [Jia02, Jia07], atomic force microscopy 

[Cap99]; scanning electron microscopy [Fri09, Fri11, Hal10, Hal12 and Hal12a]; transmission 

electron microscopy (TEM) [Kat06, Sne98, Sne99 and Wen98] and optical vibrational 
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spectroscopies (IR, PL, Raman, etc.) [Bri09, Jia07, Hob97, Wen12]. The radiation damage 

evolution and annealing were discussed in more details in chapter 1 and reviewed in reference 

[Mal13]. 

The effect of swift heavy ion irradiation on the crystal structure of un-implanted (i.e. virgin) 

and pre-implanted (i.e. implanted and then irradiated by SHI) SiC have been shown in many 

publications [Bac13, Ben06, Ben08, Ben09, Con14, Deb14, Hal15, Hal16, Kal07, Sku14, 

Sor06, Sor12, Zin00 and Zin02]. For un-implanted SiC (i.e. not initially implanted but only 

irradiated by SHI), the phase transition and amorphous latent track formation by SHIs were not 

observed in SiC even up to the practical upper limit of electronic stopping force for SiC, Se = 

34 keV/nm [Kal07, Zin00 and Zin02]. Studies by Zinkle et al. [Zin00] suggest that the high 

resistance of SiC to track formation may be due to it is high thermal conductivity. Investigations 

on the creation of radiation damage in SiC by SHI irradiation and the annealing of radiation 

damage retained after implanting different low energy ions have recently been reported 

[Aud08, Bac13, Ben06, Ben08, Ben09, Con14, Deb14, Sku14, Sor06, Sor12]. These studies 

seem to agree that SHI irradiation leads to point defect production in SiC and partially restores 

crystallinity in heavily damaged SiC. Epitaxial regrowth of the amorphized layer from the 

amorphous crystalline zone (a-c) was also observed. This phenomenon is known as swift heavy 

ion-beam-induced epitaxial recrystallization (SHIBIEC) and occurs due to electronic energy 

deposition by SHIs and thermal spikes. The thermal spikes are caused when SHIs transfer their 

energy into the target electrons. This depends on the energy transferred i.e. electron stopping 

force. Studies by Hlatshwayo et al. [ Hal15 and Hal16] showed that the recrystallization of an 

initially damaged and amorphous polycrystalline SiC layer resulting in randomly orientated 

nanocrystallites after SHIs irradiation at room temperature and at 500 oC. To explain the results 

the thermal spike model was proposed [Deb12]. These previous studies gave less attention to 

the effect of SHI irradiation on the migration of initially implanted fission products. In this 

study, the effect of SHI irradiation and annealing on the migration of Ag and Sr implanted 

separately into SiC is investigated. The results presented in chapter 6 have shown that the SHIs 

irradiation of the as-implanted SiC resulted in limited recrystallization (i.e. reduce the radiation 

damage) of the initially amorphized SiC. 
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CHAPTER 4 

ANALYTICAL TECHNIQUES  

 

The effects of swift heavy ions (SHIs) irradiated in polycrystalline 3C-SiC implanted with 

silver and strontium were investigated. The diffusion behaviour of silver and strontium in 

polycrystalline 3C-SiC and the structural changes due to the SHIs irradiation were also 

investigated using Rutherford backscattering spectrometry (RBS), scanning electron 

microscopy (SEM) and Raman spectroscopy techniques. In this chapter, the analytic techniques 

are discussed and described in sections 4.1, 4.2 and 4.3.   

 

4.1 Rutherford backscattering spectrometry (RBS) 

Rutherford backscattering spectrometry (RBS) is an ion beam analytical technique which is 

usually used to quantitatively determine the components of thin layers or the near surface 

region of solids. This analysis involves a very simple principle where energetic ions are 

projected towards a target and then backscatter at a particular angle where they can be detected 

by specific detector. Therefore, the RBS technique is based on the analysis of the energy of the 

backscattered ions (helium ions (He+) in our case) from the material of interest. In this thesis 

the material of interest is polycrystalline 3C- SiC with silver or strontium implanted on it.   

 

Figure 4.1: (a) RBS equipment at the University of Pretoria, (b) Geometry of the RBS 

experiment [Gol96]. 

 

4.1.1 Components of Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry contains three systems namely: accelerator, scattering 

chamber and detector system. In the accelerator, charged particles (He+) are generated by a RF-

(a) (b)
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source and accelerated to high energies by applying a huge potential difference across the 

accelerator pipe. The Van de Graaff accelerator was developed in the beginning of 1929 by 

Van de Graaff. In this accelerator a high potential difference is built up and maintained on a 

smooth conducting surface. This done by the continuous transfer of positive static charges from 

a moving belt to the surface, see Figure 4.2 (a). The belt is made of silk or other high dielectric 

material. The ion source is located inside the high-voltage terminal. Ions are accelerated from 

the source to the target by the electric voltage between the high-voltage supply and ground 

[Chu78]. In this study, the Van de Graaff accelerator at the University of Pretoria was used. 

The energy of He+ ions that used in this study was 1.4 MeV and 1.6 MeV. The maximum 

voltage of this accelerator is 2.7 MeV. Schematic diagrams of the accelerator and the scattering 

chamber are shown in Figure 4.2 (b) and 4.2 (c) respectively. 

To deflect the ion beam into either beam line 1 or line 2 there is a dipole magnet in front of the 

Van de Graaff accelerator. Hence, it acts to separate a beam according to their energy and mass. 

The difference between line 1 and line 2 is that the line 1 it has a chamber which work below 

room temperature, while line 2 is working at room temperature. In this study, line 2 was used. 

The slits are used to focus and guide the beam into the chamber and to produce a 

monochromatic beam consisting of one species (i.e. helium ions) with a specific energy. Inside 

the chamber, there is a collimator which is used to shape the beam into a specific size before 

interaction with specimen, see Figure 4.2 (c). The size of the ion beams is affected by the size 

of collimator. The three-axis goniometer system which has a precision of 0.02o in each of the 

angle settings, is connected to a stainless-steel sample holder. During the inelastic interactions 

between the He+ ions and target atoms, secondary electrons are generated. These secondary 

electrons can falsify the measurements. They can be suppressed by applying a negative voltage 

of 200 V connected to a ring-shaped electrode in front of the target. 

The backscattered alpha particles beam (BS. Beam) in Figure 4.2 (c), are detected by a Si 

surface barrier detector operating with a reverse bias of 40 V. The output charge signal of the 

detector is then fed into the pre-amplifier where it is integrated into a voltage signal that is 

proportional to the backscattered ion energy. The voltage signal is amplified by the amplifier 

and digitized by an analogue to digital converter (ADC) inside the multi-channel analyzer 

(MCA) and stored in the computer connected to the MCA. Outputs of the multi-channel 

analyzer consists of counts (of backscattered ions) vs. the channel number spectrum. The 
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number of backscattered particles at 165o (for our experimental set-up) is called the yield while 

the channel number is proportional to the backscattered energy. 

 

 

 

Figure 4.2 (a): A schematic diagram of a Van de Graaff accelerator [www1]. 

 

 

Figure 4.2 (b): A schematic diagram showing the Van de Graaff accelerator and 

beam lines of the University of Pretoria. 
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Figure 4.2 (c): A schematic diagram showing the side view of the scattering chamber 

and detector system of Van de Graaff accelerator of University of Pretoria. 

 

4.1.2 Details of Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry is a dominant ion beam analytical technique in thin 

films science. This due to the non-destructive nature, simplicity, identification power, 

possibility of simultaneous multi-element depth profiling with good depth resolution. As this 

technique depends on the detection of backscattered alpha particles, the detector is placed at 

angles between 90o to 180o with respect to the incoming beam ï see Figure 4.3 for the definition 

of the angle. The backscattered yield vs. channel number is measured if only the backscattered 

alpha particles are detected. Therefore, it is possible to collect information about masses and 

the depth distribution of the target elements if the stopping power, kinematic factor and 

scattering cross section of the ions are well understood. All the above factors are discussed 

later in this chapter. 
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Figure 4.3: A schematic diagram showing the RBS experimental setup at the 

University of Pretoria. 

 

4.1.3 Kinematic factor 

When an ion beam hits a solid target, energy is transferred from the incident projectile ions to 

target atoms. This process is described by kinematic equations describing an elastic collision 

[Ken12]. In a classical two-body elastic collision- see Figure 4.4, the backscattered Ŭ-particle 

(Ὁ) can be calculated by using the conservation of energy and momentum: 

               Ὁ = ὑὉ  
 

Ⱦ
   

  
 zὉ                        (4.1) 

where Ὁ and Ὁ is the energy of the incident and backscattered particles respectively, ὓ and 

ὓ are the masses of the analysing particle (Ŭ-particle) and the target atom, ὑ is the kinematic 

factor (the ratio of the backscattered particleôs energy to its incident energy before scattering) 

and — is the scattering angle. The scattering angle — and the recoil angle • are defined as 

positive numbers with the arrows as shown in Figure 4.4. All quantities refer to a laboratory 

system of coordinates. When the incoming particle collide with a target atom, the target atom 

then recoils from its initial site at angle ű with respect to the incident beam - see Figure 4.4.  

From equation (4.1), the energy of the backscattered particle (Ὁ) can be calculated using the 

kinematic factor ὑ. The kinematic factor K is the ratio of the energy of the backscattered 

particle E1, to that of the incident particle E0 (i.e. E1/ Eo). The kinematic factor K depends only 

on the mass ratio ὓ  /ὓ  and on scattering angle — as indicated above. In equation (4.1), the 
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plus sign is taken when the mass of the projectile (ὓ ) is less than that of the mass of the target 

atom (ὓ ), otherwise the minus sign is taken. 

 

Figure 4.4: Schematic picture of elastic scattering. M1 and M2 are the masses of the  

incident ion and recoiling atoms, respectively. 

 

4.1.4 Depth scale 

The incident projectiles collide with atoms in the target at different depths. Recoiled particles 

with different energies will therefore be detected [Chu78]. From the setup of the experiment 

(see Figure 4.5) we can calculate a relation between energies of detected backscattered particles 

and their original depth. 
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Figure 4.5: A schematic diagram showing the backscattering event of an alpha 

particles and its energy loss from depth x. Recoiled particles, from the target surface, 

have the largest energies. The incident projectiles and recoiled particles loose their 

energy when traveling through the target. From the energies of the detected particles 

their depth of collision can be calculated. 

 

The energy of the incident alpha particle in the Figure (4.5) above is given as Eo. The initial 

energy of the incident alpha particle Eo reduces to E just before the backscattering because the 

particle loses energy moving through the substrate. The backscattered particle at depth x loses 

more energy on its way out of the target and eventually the energy reduces to the exit energy 

E1. Therefore, the backscattered alpha particle from the substrate surface will have a higher 

energy (i.e. KEo) compared to one backscattered from depth x (i.e. E1). This is due to the two-

body elastic collision (mentioned in section 4.1.3) between the alpha particle and substrate 

atom on the surface compared to the multi-collisions at depth x. 

The energy lost by the alpha particle on its way into the target particle is given as Eo ï E while 

the energy lost on its way out is given as KôE ï E1. Assuming that the energy loss (dE/dx) is 

constant over each path, the energy of the backscattered alpha particle at depth x is then given 

as [Chu78]: 

              ὑὉ Ὁ   Ὥὲ  έόὸzὼ                       (4.2) 
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where óinô and óoutô refer to the constant values of ὨὉȾὨὼ along the inward and outward path,  

ὑὉ is the energy of the backscattered alpha particles at the surface atoms of the target, while 

Ὁ is the energy of the alpha particle backscattered from the atom at depth x. 

The difference between E1 and KE0 is æE: 

æE = KE0 -E1                                                   (4.3) 

 

Then equation 4.3 can written as: 

                                                æE = [S] x                                                     (4.4) 

The energy loss factor that contains the relationship between energy and depth information is 

represented by [S]. Where [S] is given by 

     [S] =   Ὥὲ  έόὸ                                     (4.5) 

 The depth resolution ‏ὼ of the RBS at depth x is defined as the depth interval that corresponds 

to the total detected ion energy spread ‏Ὁ, where Ὁis the energy of the alpha particle 

backscattered from the atom at depth x.    

                                                        ŭx = ŭE1/[S]                                                     (4.6) 

where ‏Ὁ is the energy spread and often called the energy resolution, [S] is the stopping factor 

and is defined above in equation (4.5). The energy spread ‏Ὁ of the detected ions is affected 

by several factors such as: (I) ion beam energy distribution, (II) ion beam collimation and 

focusing, (III) ion elastic and inelastic scattering within the sample and (IV) the detection of 

backscattered ions.  

The resultant energy distribution may be obtained as a convolution of energy distributions 

resulting from the all factors mentioned above. When these distributions are Gaussian, the 

resultant ion energy spread ‏Ὁ can be approximated by the full width at half maximum 

(FWHM) of their convolution and calculated by summing quadratically the FWHMs of all 

components.   

Ὁ‏ В‏Ὁ                                               (4.7) 

 

4.1.5 Scattering cross section 

As mentioned in section 4.1.4, the elastic collision between the projectile and the target atom 

can result in a backscattering event. The average differential scattering cross section is used in 

RBS to express the probability of a backscattering event at a particular solid angle. The 
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differential cross section is defined by the number of particles recorded by a detector (A) in the 

solid angle (Ý) per number of incident particles per unit area. The differential cross section (ů) 

for backscattering is given in the equation (4.8) below [Chu78]  

„ = Ȣ
 

                               (4.8) 

where Ὁ is the energy of the projectile immediately before scattering (see Figure 4.5), Z1 is the 

atomic number of the projectile with mass M1, Z2 is the atomic number of the target with mass 

M2, „ is the differential cross-section in the laboratory system, e is the electronic charge and ɗ 

is the scattering angle.   

The total number of the backscattered projectiles registered by the detector can be written as: 

ὃ „Ýὗὔ                                                                         (4.9) 

The total number of incident particles (Q) is determined by the time integration of the current 

of charged particles incident on the target, A is the detected particles by the detector. If ů and 

Ý are known (ů is the differential cross section and Ý is the solid angle of the detector). Then 

the number of target atoms per unit area, N [atoms/cm2], can be calculated from equation (4.9).   

 

4.1.6 RBS calibration  

The incident energies of 1600 keV and 1400 keV were used together with the corresponding 

channel numbers of silicon and carbon to perform the energy calibration of the acquired RBS 

spectra. The corresponding kinematic factor (K) of the elements on the surface was multiplied 

by the incident beam energy (E0) to obtain the surface energy values (KE0). These surface 

energy (KE0) values were then plotted against the surface energy channel position of the Si and 

C elements. A graph with a linear fit of energy of the scattered He+ vs the surface channel 

number was plotted. This fit can be represented by a linear equation: 

Ὁ άὼ ὧ                                                   (4.10) 

where m and c are the energy conversion factor (in keV/ch) and the offset in (keV) respectively. 

This linear fit equation is used to obtain the energy to channel function which determines the 

location of the peak edge of the elements from the RBS spectra. The energy calibration curve 

obtained for this study is shown in Figure 4.6. From the straight line in Figure 4.6, the energy 

conversion factor (m) was calculated as 3.075 keV while the offset (c) at channel zero is 34.9 

keV.  
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Figure 4.6: The energy calibration curve.  

 

4.2 Scanning electron microscopy (SEM) 

The history of electron optics started in 1925, when Busch showed that an electro-magnetic 

field could be used to focus electrons. In 1924 his contemporary, de Broglie, postulated the 

wave nature of the electrons. Later, Ernst Ruska and Max Knoll (in 1931) confirmed Buschôs 

lens formula experimentally and the idea of an electron microscope began to grow. Finally, 

Knoll and Ruska built the first working Transmission Electron Microscope (TEM) in 1936. 

But it was realized that TEM could not be used to investigate all kinds of samples, like the 

topography of bulky samples cannot be imaged. This led to the introduction of a new class of 

electron microscope, the scanning electron microscope (SEM). In 1935, Knoll was the first one 

who suggested the scanning electron beam device. The first scanning electron microscopy was 

built in 1942 by Zworykin with a resolution of 50 nm. Finally, in 1963 Pease and Nixon built 

the first prototype of a high-resolution SEM that is able to reach 6 nm resolution, which was 

commercialized in 1965 by Cambridge Scientific Instrument, under the name of ñStereoscanò 

[Oat02]. 

In scanning electron microscopy, an electron beam is scanned across a sample's surface and 

variety of signals are generated when the electrons interact with the sample. The interaction of 

the electrons with material is discussed in more details in section 4.2.1. 
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4.2.1 Interaction of electron beam with materials 

In this section, we review briefly the physics of electron beam interaction with matter. Figure 

4.7 shows the number of different particles that are produced when the electrons interact with 

the sample.  

 

 

Figure 4.7: A schematic diagram showing the rays which are emitted when an 

energetic electron hits the sample.  

 

Electron-matter interactions can be classified into two classes 

a. Elastic Interactions  

In this interaction, no energy is transferred from the electron to the sample. As a result, the 

electron leaves the sample with its original energy  Ὁ. The electron trajectory within the 

specimen changes because it deflected from its path by coulomb interaction. Here, the 

backscattered electrons (e-) are generated by an elastic collision between an incoming electron 

and nucleus of the target atom. The elements with higher atomic numbers will produce more 

backscattered electrons. Therefore, a sample composed of two or more elements differing 

significantly in their atomic number, will produce an image showing great contrast of the 

elements despite a uniform topology. For example, in the image formed by these electrons, 

strontium or silver will appear brighter than Si and C of SiC because of higher Z. The 

backscattered electrons can also be used to form electron backscatter diffraction (EBSD) image 

which is useful in the determination of crystallographic structure of the sample [Cha86]. 
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b. Inelastic Interactions 

In this interaction, a part of the energy that an electron carries are transferred to the specimen. 

The result is the generation of: 

¶ Secondary electrons 

These electrons are the results of the inelastic collisions between the incident electrons and the 

electrons of the target atoms. Secondary electrons usually have energies of less than 50 eV and 

are used to form the image of the surface topography of the sample in SEM system [Chr12]. 

These electrons are generated along the incident electronsô trajectories. However, only those 

electrons generated from a very shallow depth from the sample surface (within 5 to 15 nm) are 

detected; - the others are absorbed in the sample owing to their low energy.  

¶ Auger electrons 

Excitation caused by the primary electron beam can create inner shell holes (in low energy 

levels). Outer shell electrons (in high energy levels) then move to fill up the holes in the lower 

levels. This creates an energy surplus in the atom, which can be corrected by emitting an outer 

(lower energy) electron (Auger electrons) or by the production of an X-ray. Auger electrons 

are emitted from the near surface region of the sample. Therefore, the signals resulting from 

Auger electrons can be utilized for chemical analysis of the sample surface [Zha09]. The X-

rays signals are also used in chemical characterization of the sample by using a technique 

commonly referred so as dispersive X-rays spectroscopy (EDS). 

The volumes involved in the production of backscattered electron, secondary electron and X-

rays, form into a shape that ranges from oval to a semi-circle within the specimen- see Figure 

4.8 (a) and (b). This shape is called an interaction volume and depends on the following three 

factors: electron energy, the atomic number Z of the target and the angle of incidence for the 

electron beam. Higher energy electrons penetrate deeper into the sample and generate a larger 

interaction volume as compares to the less energy electrons - see Figure 4.8 (a). A sample with 

high atomic number Z stops or absorbs more electrons and causes a small interaction volume. 

The angle of incidence of the electron beam: the greater the angle (further from normal), the 

smaller the volume.  
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Figure 4.8 (a): Interaction volumes of the incident electron beam (white) in compact 

samples (grey) depending on electron energy and atomic number Z. 

 

 

Figure 4.8 (b): A schematic diagram of the interaction volume in a compact sample 

and the origins of detectable signals. 
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4.2.2 Components of Scanning Electron Microscopy 

The cold field emitter (CFE) relies purely on the high applied field (i.e. electric field) to cause 

electrons to tunnel out of the cathode wire. The CFE has its name because CFE sources are 

operated at room temperature. Then the emission of electrons is only a factor of the voltage 

applied between the cathode and the anode. Cold field emission requires that the cathode 

surface must be atomically clean. This is done by having the CFE in an ultrahigh vacuum. 

Before the operation, the tip is flushed clean by heating it for a few seconds to a temperature 

of about 2500 K. This cleaning process shortens the lifetime of the emitter. Since a tip is usually 

only flashed once a day, the useful life of a CFE is very long. The advantage of the CFE is the 

virtual source size of 3-5 nm, which requires little demagnification to obtain a 1 nm diameter 

probe.  

In the thermionic emission, the free electrons are emitted from the surface of a metal when 

external heat energy is applied. Since the thermal field emitter (TFE) is operated at elevated 

temperatures, the electrons emission in TFE is found to fall in the intermediate region between 

field emission and thermionic emission [Tab12]. This elevated temperatures during the 

operation of TFE has the advantage of keeping the tip clean and reducing the adsorption of 

gases on the tip.  

Apart from CFE and TFE mentioned above, the third type of the field emission sources is the 

Schottky field emitter (SFE). The SFE is the type fitted on a Zeiss Ultra 55 field emission 

scanning electron microscope (at University of Pretoria's Laboratory for Microscopy and 

Microanalysis) which was used in this study. The SFE source is operated at high temperature 

(i.e. 1800 K) in an ultrahigh vacuum. Schottky field emitters are made by coating the tip (i.e. 

tungsten) with a layer of zirconium oxide (ZrO2). Zirconium oxide is deposited on the tungsten 

tip in order to reduce the work function of tungsten. In the Schottky emitter, the ultrahigh 

vacuum aids its long-term stability, prevents poisoning of the ZrO2 cathode, and maximizes 

brightness. 

 Modern advanced microscopy work requires SEM systems with a stable electron gun. The 

stability of an electron gun is a measure of how constant the electron emission is per unit time. 

Schottky field emitters (SFE) are the most stable sources with a beam current stability of about 

1%/h.  
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From the above paragraph, the stability of an electron gun is a key aspect of electron 

microscopy. There are three major types of electron guns: the tungsten filament, Lanthanum 

hexaboride (LaB6) and field emission. The three types of field emissions (CFE), (TFE) and 

(SFE) are discussed above. In the tungsten filament, the electron emission requires electrons to 

gain enough energy to exceed the work function of the filament (4.55 eV for tungsten). In a 

filament this is provided by thermal processes (i.e. thermionic emission), which is why tungsten 

filaments for electron sources operate at >1000 ęC. That heat is, in turn, produced by electrical 

resistance of current in the filament. The Lanthanum hexaboride (LaB6) filament is also a 

thermal filament (i.e. thermionic emission). However, it is more efficient than the tungsten 

filament due to its lower work function. 

The electron beam energy spread is the spread in electron energies leaving the source. The 

energy spread describes the different energies of the individual electrons in the beam. The field 

emitter guns offer a smaller energy spread (0.3 - 0.7 eV) as compared to LaB6 gun (i.e. 1.5 eV), 

while it is 3 eV for the tungsten hairpin gun. This high energy spread (3 eV) for the tungsten 

hairpin gun can result in chromatic aberration, where the beam is slightly less focused due to 

these energetic differences. Since the field emitter guns have the lowest energy spread of about 

0.3 - 0.7 eV, it is the best option (from the three guns mentioned above) to get high resolution 

images in SEM systems.   

A series of electromagnetic lenses and apertures are used to guide the electron beam into the 

specimen and focus the beam of electrons on it. The apertures control the final electron beam 

size (probe size) on the specimen. The probe is scanned across the sample, and the signal is 

produced (i.e. secondary electrons and backscattering electrons - as discussed in section 4.2.1). 

These signals are detected and amplified before being displayed on the monitor.   

A secondary electron detector attracts those scattered electrons and depending on the number 

of electrons that reach the detector, registers different levels of brightness on a monitor. As 

seen in Figure 4.9, for perpendicular incidence, the illumination region is uniform around the 

axis of the beam when the surface is flat. In the flat surface, only secondary electrons activated 

near the surface can escape. Any secondary electrons elsewhere in the interaction volume (see 

Figure 4.8 (a) and (b)) will be captured or absorbed in the sample before they can escape owing 

to their low energy. More secondary electrons can escape the sample surface on edges or the 

protrusion and spherical shapes than in flat areas. The tilt effect and edge effect are among the 

contrast factors for secondary electrons, both as a result of sample surface morphology. 
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Therefore, effects of topography on the generation of secondary electrons give form and outline 

to the images produced by the Secondary Electron detector- see Figure 4.9. Secondary electrons 

preferentially flow to and are emitted from edges, protrusion and spherical shapes of the 

sample. This results in the edge, protrusion and spherical shapes appearing brighter- see Figure 

4.9. Similarly holes on the surface will result in a lower yield of secondary electrons due to less 

electrons which can escape from the hole (as seen in Figure 4.9).  This will result in a hole 

being darker on the monitor. 

 

Figure 4.9: A schematic representation of the edge effect of SE with different surface 

conditions. Taken from [www2].  

 

In this study, a high-resolution Zeiss Ultra 55 field emission scanning electron microscopy 

(FESEM) operated at 2 kV under vacuum was used. This FESEM uses a Schottky field 

emission gun. The Zeiss Ultra 55 is contains three systems namely: SE (secondary electron) 

detector, BE (backscattered electron) detector and an in-lens SE detector. In this study, the in-

lens SE detector was used. In-lens SE detector is highly surface sensitive. This is due to the 

small penetration depths and smaller scattering volume of low energy electrons. FESEM was 

used to study the SiC surface before and after ion implantation, swift heavy ion irradiation and 

annealing. The results are discussed in chapter 6. 

 

4.3 Raman Spectroscopy 

Raman spectroscopy is a technique based on the inelastic scattering of monochromatic light, 

using a laser source. The inelastic light scattering in a substance means that the photons in the 

incident light transfers their energy to molecular vibrations. These photons with energy Eo 
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interact with a molecule, and they can be either transmitted, reflected or scattered at the same 

energy. Some of the incident photons will be scattered at optical frequencies that differs from 

their incident energies Eo (i.e. inelastic scattering). This process is known as the Raman Effect.     

The frequencies of the scattered photons are shifted up or down (i.e. have higher or lower 

frequencies compared to their initial frequency) in comparison with original monochromatic 

frequency. This shifting gives information about rotational, vibration and electronic energy of 

a molecular or crystal structure. This means that the Raman spectra will be different depending 

on the materialôs molecular structures. Raman spectroscopy can be used to study different types 

of materials (solid, liquid and gaseous). It can also be used for probing the molecular structure 

and any changes induced in the material. In this research, Raman spectroscopy is used to study 

the SiC structure before and after ion implantation, swift heavy ion irradiation and annealing.  

Figure (4.10) showed three different form of laser light scattering, namely Rayleigh scattering, 

Stokes and anti-Stokes Raman scattering. The Rayleigh scattering is an elastic scattering, 

which is strong and has the same frequency as the incident beam (’). Raman scattering has 

frequencies of ’ ’ , where ’  is the vibrational frequency of a molecule. This lines of 

(’ ’ ) and (’ ’ ) are named the Stokes and anti-Stokes lines respectively - see Figure 

(4.10). Therefore, in this spectroscopy we measure the vibrational frequency (’ ) as a shift 

from the incident beam frequency (’). 

A modern Raman instrument consist of four major components which is: a) excitation source 

(Laser), b) sample illumination system and light collection optics, c) wavelength selector (filter 

or spectrophotometer), d) detector (array, CCD or PMT) [Jia11]. A sample is normally 

illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared (NIR) range. 

Scattered light is collected with a lens and is sent through an interference filter or 

spectrophotometer to obtain Raman spectrum of a sample. 

Due to the weakness of the Raman scattering, it is very difficult to separate it from the dominant 

Rayleigh scattering. Therefore, sensitive multi-channel detectors like Charged Coupled 

Devices (CCD) are used to increase the sensitivity to the Raman scattering. To improve the 

sensitivity of the Raman instrument to the Raman scattering, notch filters are also used. Notch 

filters are used to transmit both Stokes and anti-Stokes Raman signals while blocking the 

Rayleigh scattering (which mentioned above) from reaching the detector. A schematic diagram 

of the Raman setup is shown in Figure 4.11. 
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Figure 4.10: Shows the three different forms of laser scattering. 

 

 

Figure 4.11: Schematic diagram showing the different components of a Raman 

instrument. Taken from [Odu17]. 

 

In this study, Raman analyses was done using a T64000 series II triple spectrometer system 

from HORIBA Scientific, Jobin Yvon Technology. The 514.3 nm laser line of a coherent 
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Innova® 70C series Ar+ laser (spot size ~ 2 µm) with a resolution of 2 cm-1 in the range of 200 

cm-1 ï 1800 cm-1 was used. The measurements were obtained in a backscattering configuration 

with an Olympus microscope attached to the instrument (using an LD 50x objective). The laser 

power was set at 1.7 mW. An integrated triple spectrometer was used in the double subtractive 

mode to reject Rayleigh scattering and dispersed the light onto a liquid nitrogen cooled 

Symphony CCD detector. The Raman spectra were recorded under these conditions and 

normalized to have the same scale. The Raman spectra SiC before and after ion implantation, 

swift heavy ion irradiation and annealing are presented in chapter 6. 
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CHAPTER 5 

EXPERIMENTAL PROCEDURE  

  

The migration behaviour of silver and strontium, structural changes of 3C-SiC and its surface 

modification after ion implantation, swift heavy ion irradiation and annealing have been 

investigated. A set of samples were implanted with low energy ions (i.e. in order of hundred 

keV), and the other set of samples were both implanted and then irradiated with swift heavy 

ions (i.e. in order of hundred MeV) in order to study the material behaviour in this environment. 

The sample analysis was done using Rutherford backscattering spectroscopy (RBS), scanning 

electron microscopy (SEM) and Raman spectroscopy techniques. This chapter discusses the 

sample preparation processes.  

 

5.1 Sample preparation  

The starting materials for this study were polycrystalline 3C-SiC wafers from Valley Design 

Corporation® (made up of predominantly 3C-SiC crystallites). Before implantation and swift 

heavy ion irradiation of the SiC wafers, the SiC was chemically cleaned. The SiC wafer was 

sequentially cleaned using acetone, methanol, trichloroethylene, 10% hydrochloric (HCl) acid 

and 10% dilute hydrofluoric (HF) acid, after each step the samples were rinsed in de-ionised 

water. The de-ionised water was blown away using nitrogen gas. Acetone removes most of the 

oils and organic residues, which appear on SiC surface. Unfortunately, acetone itself leaves its 

own residue. Therefore, after cleaning by acetone, the SiC was immersed in methanol for 10 

minutes to remove the acetone residue. Trichloroethylene was used to remove the fingerprints 

or other heavy residue on the SiC wafer surface and acts as a further cleaning solvent. 10% 

HCl acid was used to remove ionic and metallic contamination from the surface of SiC. 10% 

HF was used remove the natural oxide layer from SiC wafer. Then, the cleaned SiC wafers 

were sent for implantation.  

After implantation, discussed in section 5.2, the wafer was cut into 5×5 mm2 samples with a 

rotary diamond saw, and cleaned with acetone to remove contamination on the surfaces that 

was introduced during the cutting process. The size of the samples was chosen to suit the RBS 

and SEM analyses experiments. Some of the implanted samples were irradiated with swift 

heavy ions, discussed in section 5.3. After irradiation with swift heavy ions the samples were 

also cleaned with acetone, de-ionized water and methanol to wash off the glue used to fix the 
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samples to the sample holder (i.e. the glue was used during the process of ion irradiation- see 

section 5.3). The samples, both as-implanted and irradiated, were analysed using RBS, SEM 

and Raman spectroscopy techniques before and after annealing. Figure (5.1) depicts the typical 

processes of sample preparation and analysis. 

 

Figure 5.1: A diagram showing the typical process of sample preparation and 

analysis.  

 

5.2 Ion implantation  

Implantation of two radiologically significant fission product elements namely silver and 

strontium in SiC were performed for the various investigations in this study. These 

investigations included near-surface recrystallization of the amorphous implanted layer (3C-

SiC) and the diffusion behaviour of silver and strontium in 3C-SiC at vacuum annealing 

temperature above than 1000 ęC. 
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The implantations for this study were done at the Institut für Festkörperphysik, Friedrich-

Schiller-Universität, Jena, Germany using 400 kV implanter Romeo. The ion beam setup of all 

the accelerators and beam lines are shown in Figure (5.2).  

 

Figure 5.2: Illustration of the ion beam laboratory at the Institute of Solid State  

Physics, Friedrich-Schiller-Universität, Jena, Germany. Taken from [www1]. 

 

The silver (109Ag+) and strontium (88Sr+) ions were implanted separately into two 3C-SiC 

wafers. This implantation was done at an energy of 360 keV with a fluence of 2×1016 cm-2 at 

room temperature. The flux was kept below 1013 cm-2 s-1 to avoid beam induced target heating 

of the sample. Reducing the heating of the sample during the implantation will reduces the 

probability of simultaneously annealing some of the induced damage. Since polycrystalline 

samples were used, the channelling effect during the implantation can be neglected due to the 

different orientations of the crystals. Thus, the samples can be orientated at any angles. In this 

study, the angle of incidence of the ions was set at an angle of 7ę relative to the normal. All the 

implantations were done at an average vacuum of 10-4 Pa.  

 

5.3 Ion irradiation  

The irradiation of swift heavy ions in this study was performed at The Joint Institute for Nuclear 

Research, Dubna, Russia using IC-100 FLNR cyclotron. The xenon ions (Xe+26) were 

irradiated at room temperature with fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 with an energy 

of 167 MeV into the implanted 3C-SiC samples. To reduce heating, the ion current was kept at 

0.5 ɛA and the samples were fixed with a heat-conductive glue to the sample holder. Ion beam 

homogeneity over the samples, surfaces was achieved by use of a 2-dimensional beam scanning 
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system. The irradiations with swift heavy ions (SHIs) were performed to investigate the 

structural changes for room temperature SHIs irradiated polycrystalline SiC compared to un-

irradiated (i.e. only implanted) SiC. Raman spectroscopy and scanning electron microscopy 

were used to study the structural changes and surface modification of both samples before and 

after thermal annealing process. The effects of the SHIs and annealing on the migration 

behaviour of silver and strontium implanted in SiC were also investigated using RBS. The 

annealing conditions of the samples are discussed in section 5.4 below.   

  

5.4 Annealing of the samples 

For the annealing cycles, the implanted and irradiated 3C-SiC samples were placed inside 

glassy carbon crucibles. In this study, all samples were subjected to isochronal vacuum 

annealing from 1100 ęC to 1500 ęC in steps of 100 ÜC for 5 hours at a pressure of the order of 

10-6 mbar. The annealing was performed in a high temperature vacuum computer-controlled 

Webb 77® graphite furnace with a maximum temperature of 2300 ęC. The implanted samples 

were annealed in separate crucibles. This was done to prevent cross contamination. Also, the 

crucibles were covered with lids made in glassy carbon to avoid contamination of the samples 

with any contaminant in the oven. The contamination of the annealing samples with any other 

elemental residues that may be stuck in the furnace walls is very possible since the furnace is 

used by different researchers for various studies. The Webb 77® temperature is controlled by 

a Eurotherm 2704 controller which is connected to a thermocouple as well as a pyrometer. The 

thermocouple can measure the temperature up to 1475 ęC, while the pyrometer is used to 

measure the temperature above 1525 ęC. An average value of the pyrometer and thermocouple 

readings is taken for a temperature ranging from 1475 ęC to 1525 ęC, e.g. for the 1500 ÁC 

annealing.  
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Figure 5.3: (a) Heating and cooling curves for samples annealed at 1400 ęC for 5 

hours. (b) The heating curve shows overshoot in first 30 min. (c) Current curve during 

annealing. (d) Vacuum pressure during annealing.     

 

Figure 5.3 shows the current, vacuum pressure and a typical heating and cooling curves for the 

furnace as a function of time. Before each annealing cycle, the oven was evacuated to a pressure 

in the 10-7 mbar range ï see Figure 5.3 (d). As shown in Figure 5.3 (a) and (b), degassing was 

performed at 200 ęC for one hour to ensure that the maximum pressure during annealing is kept 

at or below the 10-6 mbar region as well as to reduce the total pumping time. The degassing 

temperature overshot from 200 ęC to 370 ęC (Figure 5.3 (a) and (b)). This was due to 

temperature controlling set-up by the manufacturer, which resulted in the initial large current 

and fluctuations as shown in Figure 5.3 (c). During the annealing process the vacuum pressure 

increases from 10-7 to 10-6 mbar due to the increased degassing by the high initial current. The 

heating rate of the oven was programmed at 20 ęC/min. After switching on the heating element, 

it heated up to a selected temperature (i.e. 1400 ęC as seen in figure 5.3 (a) and (b) at 2.25 

hours) and then stayed there for the set annealing time, i.e. 5 hours. A current of about 28 A 

was measured in the beginning of the heating process (seen Figure 5.3 (c)), which later dropped 

to 0 A. The current was dropped to 0 A to reduce the overshooting above the set temperature 
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(as mentioned above, temperature overshoot from 200 ęC to 370 ęC). After degassing, which 

was performed at 200 ęC, the current increased again up to 18 A to increase the temperature 

inside the oven to the selected temperature (i.e. 1400 ęC). The current was dropped to 8 A 

during the desired annealing temperature for 5h. At the end of annealing time, the current was 

turned off and the system cooled down (see Figure 5.3 (a) and (c)). The Webb oven cooling is 

approximately given by Newtonôs cooling law 

T(t) = F exp(-Zt)                                                (5.1) 

Since the cooling rate can be found by the time derivative of the decrease in temperature, then 

the equation (5.1) can be written as: 

ὊὤÅØÐὤὸ                                     (5.2) 

where T and t represents the temperature and time respectively, F and Z are constants. For the 

our Webb77 furnace system, the F and Z has been determined by fitting data of the cooling 

curve which can be found in Haltshwayo [Hal10].  

To remove the samples from the oven, after the oven completely cooled down and reach room 

temperature, the vacuum was brought down by switching off the turbo pump (i.e. high vacuum 

pump), still pumping with the fore pump. Argon gas was leaked into the chamber to break the 

vacuum completely and bring the pressure to atmospheric pressure.  

 

5.5 Measurement conditions 

The samples were characterized by RBS, Raman spectroscopy and SEM in order to investigate 

the migration behaviour of Ag and Sr and the structural changes of SiC before and after 

annealing. The measurement conditions of RBS, Raman spectroscopy and SEM are discussed 

in this section.  

 

5.5.1 RBS measurement conditions 

The irradiated and un-irradiated but implanted SiC samples were analysed using Rutherford 

backscattering spectroscopy after every annealing. The RBS spectrum of the samples was 

obtained using 1.6 MeV Ŭ-particles in the Van de Graaff accelerator at the University of 

Pretoria. Throughout this study, counts versus channel number were obtained by collecting a 

total charge of 8 ÕC per run. The sample tilt angle was kept at 5ę while the surface barrier 

detector was placed at a scattering angle of 165ę for the detection of backscattered Ŭ- particles. 

The analysing beam was collimated to a spot of 1mm in diameter and the beam current was 
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kept at 15 nA to avoid pile-up effect and overheating of the target sample. Pile-up occurs during 

the process of detecting backscattered particles when the time response of the detector system 

is not fast enough to separate the individual events in the detector due to the high rate of 

encountered events. Therefore, in the pile-up effect, two events may end up being recorded as 

one event, which will falsify the measurements by giving high current from the detector.  

 

5.5.2 Raman spectroscopy measurement conditions 

The structural changes of SiC samples as a result of ion implantation, swift heavy ion 

irradiation and annealing were studied using Raman spectroscopy. The resulting Raman spectra 

of SiC samples after ion implantation, SHIs and annealing were obtained at a visible 

wavelength (514.3 nm). The Raman spectrometer was a T64000 series II triple spectrometer 

system from HORIBA Scientific, Jobin Yvon Technology (Villeneuve dôAscq, France). The 

514.3 nm laser line of a coherent Innova® 70C series Ar+ laser (spot size ~ 2 µm) with a 

resolution of 2 cm-1 in the range of 200 cm-1 ï 1800 cm-1 was used. The measurements were 

obtained in a backscattering configuration with an Olympus microscope attached to the 

instrument (using an LD 50x objective). The laser power was set at 1.7 mW in order to avoid 

sample heating. An integrated triple spectrometer was used in the double subtractive mode to 

reject Rayleigh scattering and dispersed the light onto a liquid nitrogen cooled Symphony CCD 

detector. To ensure a true representation of the irradiated and un-irradiated but implanted SiC, 

multiple spectra were taken at different spots on the sample. 

 

5.5.3 SEM measurement conditions 

Surface modifications of the silicon carbide samples as a result of ion implantation, SHIs and 

annealing were investigated by high-resolution Zeiss Ultra 55 field emission scanning electron 

microscopy (FESEM) at the University of Pretoria. The analysis of the surface for the irradiated 

and un-irradiated but implanted SiC was done with beam energy of 2 kV. In-lens SEM images 

of the sample were taken before implantation, after implantation, after implantation and SHI 

and after every heat treatment to investigate all surface changes due to these treatments. The 

working distance was kept between 2.2 - 3.1 mm throughout this work. Magnifications of 1µm, 

10 µm and 200 nm respectively were used, and their resulting micrographs were compared. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

 

The effect of ion implantation and swift heavy ion (SHI) irradiation on the polycrystalline 3C-

SiC structure was investigated using Raman spectroscopy, Rutherford backscattering 

spectrometry (RBS) and scanning electron microscopy (SEM) techniques. Silver and strontium 

were implanted in separate polycrystalline 3C-SiC samples. Some of these samples (i.e. SiC 

implanted by Ag and Sr) were irradiated with SHIs. All samples were then annealed under 

vacuum to temperatures above the melting point of silver and strontium. The samples before 

and after annealing were then analysed using RBS to study the diffusion behaviour of Sr and 

Ag, SEM and Raman was used to analyse the near surface structural changes induced by 

implantation, irradiation and annealing.  

 

6.1 Effect of Ag ion implantation, Xe ion irradiation and annealing on the structure of 

polycrystalline SiC and the effect of these structures on the migration behaviour of Ag 

The results in section 6.1 will be discussed in detail in subsequent sections. The effect of 360 

keV Ag+ and 167 MeV Xe+ bombardment on silicon carbide structure was investigated using 

SEM and Raman spectroscopy and reported in section 6.1.1. Section 6.1.2 will discuss the 

effect of annealing on the structure of irradiated and un-irradiated but Ag implanted SiC. The 

effect of swift heavy ion irradiation and annealing on the migration behaviour of Ag in SiC 

will be discussed in section 6.1.3. Lastly, section 6.1.4 will compare the migration behaviour 

of Ag in irradiated and un-irradiated implanted SiC with the previous results. 

 

6.1.1. Effect of Ag and Xe ions bombardment on the structure of polycrystalline SiC 

Figure 6.1 (a) shows a comparison between the depth profile of 360 keV silver implanted into 

SiC at room temperature and the SRIM [Zie13] simulated profile. The reason for performing 

SRIM simulations was to compare the theoretical and experimental results and showing that 

the projected range (Rp) value from the experimental results is almost in agreement with that 

from the SRIM program. 

The other reason for performing SRIM simulations was to calculate the displacement per atom 

(dpa) caused by Ag ion implantated in SiC at an energy of 360 keV. The ion fluence was 

converted into displacements per atom (dpa) using equation (6.1) below [Hal17]: 
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Ὠὴὥ  ᴠ  ɲὭέὲίὧά                                (6.1) 

where ɲ  is the ion fluence, ” is the theoretical atomic density of silicon carbide (9.641×1022 

atoms/cm3) and 
 ᴠ
 is the vacancy per ion ratio from SRIM [Zie13]. 

Figure 6.1 (a) shows the displacement per atom (dpa) produced as a result of Ag ion 

implantation at an energy of 360 keV and fluence of 2×1016 cm-2. The SRIM simulation was 

carried out considering the silicon carbide density of 3.21 g/cm3, equivalent to 9.641×1022 

atoms/cm3. As was discussed in chapter 3 (i.e. section 3.4), in order to extract the four moments 

(i.e. projected range Rp, range straggling æRp, skewness ɔ and kurtosis ɓ) of the experimental 

profile, an Edgeworth function was fitted to the as-implanted profile. A comparison between 

the four moments of the two Ag profiles was given in Table 3.1 showed in chapter 3. The as-

implanted profile was significantly broader than the SRIM profile, as also shown by the range 

straggling values. The experimental projected and range straggling values for the room 

temperature implanted silver were 114.6 nm and 43 nm, respectively. While the Rp and ȹRp 

values calculated by SRIM were 109 nm and 28 nm, respectively. There is a discrepancy 

between the Rp and ȹRp values calculated by SRIM and those obtained from the experimental 

data. The discrepancy in the projected ranges was about 5% (the experimental Rp was larger 

than the one by SRIM). The two projected range values are effectively in agreement with each 

other because the experimental error (about 5-10%) for depth profile. The reason for the 

difference in the experimental and theoretical (obtained by SRIM) values can be attributed to 

some assumptions made in the SRIM program which were discussed in chapter 3. 

Figure 6.1 (b) shows the Xe depth profile calculated by SRIM and the dpa profile due to Xe 

ions irradiation with energy of 167 MeV. Displacement energies of 35 and 20 eV for Si and C 

respectively were used in the simulation [Web04]. If one assumes the minimum dpa to cause 

amorphization SiC is 0.3 dpa [Web98], it is quite clear that the implantation of Ag will result 

in an amorphous layer of about 160 nm and that the Xe ions did not amorphized SiC. The as-

implanted SiC samples were then irradiated with 167 MeV Xe ions. From Figure 6.1 (b), it is 

clear that the amorphous region in as-implanted SiC will be extensively exposed to large 

amounts of energy deposition (~20 keV/nm) due to electronic energy loss of the penetrating 

Xe ions.  
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Figure 6.1: Depth profiles of (a) 360 keV Ag ions implanted in silicon carbide at room 

temperature compared with SRIM ion distribution and displacement per atom. (b) 

SRIM simulated profiles of Xe ions of 167 MeV irradiated into SiC, the relative atomic 

density is shown in black, displacement per atom (dpa) in blue and electronic energy 

loss in red. 

 

Relative atomic density shown in Figure 6.1 (a) above is the ratio of the density of silver inside 

SiC to the density of the SiC substrate. For this study the density of 3C-SiC was taken to be 

3.21 g.cm-3, equivalent to 9.641×1022 atoms/cm3. The counts of Ag atoms inside SiC obtained 

by RBS were converted into relative atomic density (%) by first calculating the silver density 

inside SiC. This was achieved by taking into consideration the implanted fluence (ɲ ) in cm-2 

unit, the total silver counts (N) in counts unit, count per channel (dn) in counts unit and the 

depth resolution (D) in cm/channel unit [Hal10]. 

”
ᶮ

                                                           (6.2) 

Thereafter the relative atomic density (RAD) % was determined by taking the ratio: 

ὙὃὈϷ ρππ                                              (6.3) 

where ”  is the atomic density of SiC (i.e. 9.641×1022 atoms/cm3). 

The Raman spectra of the un-implanted (virgin) SiC, 360 keV Ag implanted and SHI (i.e. 167 

MeV Xe ions) irradiated samples, obtained at 514.3 nm laser wavelength are shown in Figure 

6.2. For the virgin sample, sharp and well resolved peaks of the signature transverse optical 

(TO) (wavenumber 794 cm -1) and longitudinal optical (LO) (wavenumber 964 cm -1) 3C-SiC 

peaks at positions are observed. In addition, peaks of high wave numbers (>1000 cmī1) also 

appear with weak intensity. Two peaks at Ḑ1520 cmī1 and Ḑ1710 cmī1, respectively, are 

second order peaks of TO [Tal15, Win94], which further indicate the good crystalline quality 
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of 3C-SiC films. Implantation of Ag into the SiC at room temperature resulted in the 

disappearance of characteristic SiC Raman peaks between 700 to 1000 cm-1 and appearance of 

a broad peak due to Si-Si vibrations at around 510 cm-1. This was accompanied by the damaged 

SiC band at around 800 cm-1 and C-C vibrations around 1425 cm-1. These changes indicate the 

amorphization of SiC layer after Ag implantation. As shown in Figure 6.1 (a), the calculated 

amount of dpa due to Ag implantation is higher than the minimum dpa required to cause 

amorphization of SiC (i.e. 0.3 dpa), therefore amorphization of SiC was expected.  
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Figure 6.2: Raman spectra of the virgin SiC (virgin), implanted with 360 keV Ag ions (as-

implanted), implanted with Ag then irradiated with 167 MeV Xe ions to fluences of 

3.4×1014 cm-2 and 8.4×1014 cm-2. 

 

Irradiation of Ag implanted SiC with Xe (167 MeV) ions at room temperature to fluences of 

3.4×1014 cm-2 and 8.4×1014 cm-2 caused the partial reappearance of broad SiC Raman 

characteristic peaks at around 775 and 895 cm-1 with the Si-Si (around 525 cm-1) and C-C 

(around 1433 cm-1) peaks still present. The lower intensity of C-C peak for irradiated samples 

at 8.4×1014 cm-2 is probably due to increased absorption of the Raman scattered light which is 

caused by the highly damaged C-C bonds [Sor06]. This indicates that the irradiation at fluence 

of 8.4×1014 cm-2 caused more damage in C-C bonds. The appearance of the broad characteristic 

SiC peaks after Xe irradiation indicates some recrystallization of the initially amorphous SiC 

layer. Similar recrystallization of SiC implanted with different ions after SHIs irradiation has 

been reported previously [Hal15, Hal16]. This partial recrystallization of the initially 
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amorphous SiC layer is caused by the high electronic energy deposited by Xe ions irradiation 

at 167 MeV (see Figure 6.1 (b)), which induces some nucleation and growth of SiC 

nanocrystallites within the amorphous/damaged layer [Hal15]. During the bombardment 

process the SHIs transferred their energy into the target electrons which cause thermal spikes 

depending on the energy transferred i.e. electronic stopping power (Se). The thermal spike 

model in SiC layer was explained extensively before [Ben08, Deb12].  

Toulemonde et al. [Tou00] showed that a penetrating ion induces transient lattice heating (i.e., 

thermal spikes), which may exceed the melting/sublimation point of the host material. This 

occurs mainly during swift heavy ion (SHI) irradiation events, where inelastic interactions with 

the host material can locally produce ñhot electronsò with temperatures on the order of 104 K. 

Empirical data and models have shown that such electron temperatures couple to the atomic 

system to produce exceedingly high lattice temperatures [Tou06]. For SiC in particular, the 

recrystallization of the amorphous SiC after SHI irradiation was reported in several studies 

[Ben09, Zha15]. Multiple studies have demonstrated SHI-induced annealing in SiC for 

electronic energy depositions exceeding 10 keV/nm, and some as large as 33 keV/nm [Ben09, 

Bac13]. Moreover, Zhang et al. [Zha15], reported a threshold value of 1.4 keV/nm, whereby 

defect annihilation in SiC was observed. In this study, as shown in Figure 6.1 (b), the electronic 

energy depositions by SHI was exceeding 20 keV/nm which is much higher than the threshold 

value reported by Zhang [Zha15]. Therefore, the annealing of initially amorphous SiC layer 

resulting from the high electronic energy depositions induced by 167 MeV Xe ions, caused a 

partial recrystallization of this amorphous layer as shown in Figure (6.2).  
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Figure 6.3: SEM micrographs of the SiC surface. Low magnification images of (a) the as-

received, (b) as-implanted with Ag, (c) implanted with Ag then irradiated with 167 MeV 

Xe ions to a fluence of 3.4×1014 cm-2 and (d) implanted with Ag then irradiated with 

167 MeV Xe ions to a fluence of 8.4×1014 cm-2. (aô), (bô), (cô) and (dô) are the 

corresponding high magnifications SEM images. 
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The SEM micrographs of the un-implanted, Ag implanted and irradiated Ag implanted samples 

are shown in Figure 6.3. The SEM image of the as-received sample showed polishing marks 

(Figure 6.3 (a) and (aô)), which disappeared after Ag implantation at room temperature as seen 

in Figure 6.3 (b) and (bô). The surface of the RT as-implanted SiC was featureless compared 

to the virgin sample, which exhibited polishing marks. The disappearance of polishing marks 

in RT as-implanted SiC surface is due to swelling of the SiC caused by the formation of 

amorphization [Sne98]. This confirmed the amorphization of SiC as revealed by SRIM and 

Raman analysis in Figure 6.1 and 6.2.  

Irradiating the Ag implanted samples at room temperature with Xe to fluences of 3.4×1014 cm-

2 and 8.4×1014 cm-2 shows no major changes on the samples surface compared to the as-

implanted as seen in Figure 6.3 (c and cô) and (d and dô). As the Raman spectra for irradiated 

SiC samples in Figure (6.2) showed partial recrystallization of the RT as-implanted SiC, one 

would expect to see some crystallinity in SEM images of the irradiated SiC surface. The 

inability to see changes in the irradiated samples compared to as-implanted sample means that 

the random crystallites in irradiated samples are below the SEM detection limit.  

 

6.1.2 Effect of annealing on the structure of SHI irradiated and un-irradiated SiC 

The SHI irradiated and un-irradiated but Ag implanted samples were sequentially annealed in 

vacuum from 1100 to 1500 oC in steps of 100 oC. Raman spectra of the samples annealed at 

1100 oC are shown in Figure (6.4). In order to analyse the obtained Raman spectra, the baseline 

of the spectral lines was corrected using a linear background correction. Raman spectra of the 

samples annealed at 1100 oC showed the reappearance of the characteristic SiC peaks which 

were not present before annealing ï (see Figure (6.2)). The un-irradiated but Ag implanted 

sample showed full recrystallization (which was amorphous before annealing at 1100 oC ï (see 

Figure (6.2)) resulting in the appearance of Raman characteristic peaks of SiC as shown in the 

virgin SiC ï (see Figure (6.2)). This was due to the annealing out of radiation damage (i.e. 

radiation damage which produced by Ag implantation at room temperature) after annealing at 

1100 ęC. For the irradiated SiC samples, the transverse optical (TO) phonon mode at 

approximately 794 cmī1 and the longitudinal optical (LO) phonon mode at 964 cmī1 appeared 

in the same positions as the virgin SiC and un-irradiated but Ag implanted samples. Both 

irradiated samples showed poor recrystallization with a abroad Si-Si peak at about 545 cm-1, 

the C-C peak at 1520 cm-1 for the sample irradiated at 3.4×1014 cm-2, while the irradiated 
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sample at 8.4×1014 cm-2 showed highly disordered C-C peaks at 1100ï1800 cmī1. This poor 

recrystallization of the irradiated samples is due to the amount of impurity (i.e. concentration 

of Ag atoms) within the substrate (i.e. irradiated SiC) after annealing at 1100 ęC, which will be 

discussed later in this section. Furthermore, the Si-Si peak at about 545 cm-1 in the SHI 

irradiated SiC samples indicate that these samples contain free silicon atoms [Ech95], which 

can be one of the impurities. As mentioned above Figure 6.2, before annealing, the irradiation 

at high fluence (i.e. at 8.4×1014 cm-2) caused high damage in C-C bonds as compared to the 

irradiation at low fluence (i.e. at 3.4×1014 cm-2) which showed less damaged C-C bonds. After 

annealing at 1100 ęC, the samples irradiated up to the fluence of 3.4×1014 cm-2 showed more 

recovery in the damaged C-C bonds as compared to the one irradiated to fluence of 8.4×1014 

cm-2. The highly damaged C-C peaks (1100-1800 cm-1) for the sample irradiated at 8.4×1014 

cm-2 shown in Figure (6.4) have disappeared after further annealing at higher temperatures of 

1200 oC, 1300 ęC and 1400 ęC and showed one C-C peak. This was accompanied by a regular 

decrease in Si-Si peaks as a result of the formation of more Si-C bonds. Therefore, annealing 

the irradiated sample at temperatures of 1200 oC, 1300 ęC and 1400 ęC caused more recovery 

(i.e. less defects) of the SiC crystalline structure. The SiC structure studied by Raman after 

annealing at 1200 ęC, 1300 ęC and 1400 ęC will be discussed in more details later in this 

chapter. 

 

Figure 6.4:Raman spectra of SiC implanted with Ag at room temperature then annealed at 

1100 °C (un-irradiated - 1100 oC), implanted and then irradiated with 167 MeV Xe ions 

to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2and finally annealed at 1100 oC. 
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Liu et al. [Liu10] studied the 3CïSiC nanocrystal (NC) solid films by using transmission 

electron microscopy (TEM) and Raman spectroscopy. They found that, as the NC average size 

increases, the LO phonon intensity increases in the Raman spectra (i.e. LO mode property of 

SiC is strongly crystal size dependent). From Figure (6.4), the LO mode of SiC for the un-

irradiated but Ag implanted sample at about 964 cm-1 had a significantly higher intensity 

compared to that of the SHI irradiated samples. This suggests that the un-irradiated but Ag 

implanted sample has average larger crystals compared to the irradiated samples. These 

variations in Raman intensities were accompanied by an increase in the FWHM of the SiC 

Raman prominent peak (i.e. LO mode at around 964 cm-1) from 9.4 cm-1 (virgin) to 10.6 cm-1 

for un-irradiated but Ag implanted, 14.5 cm-1 and 18.8 cm-1 for irradiated samples to fluences 

of 3.4×1014 cm-2 and 8.4×1014 cm-2, respectively. Feng et al. [Feg16] found that the structural 

defects in SiC reduced the phonon lifetime, and hence caused a broadening of phonon Raman 

bands. Thus, the increase in the FWHM of the SiC Raman prominent peak indicates the 

existence of some kind of disordering. Oiang et al. [Oia13] suggested that the broadening in 

the full width at half maximum (FWHM) of the SiC characteristic peaks is due to the decrease 

in crystal size of SiC. The FWHM of the un-irradiated but Ag implanted samples was narrower 

compared to the irradiated samples after annealing. This suggests that annealing of the un-

irradiated samples at 1100 °C resulted in larger crystallites or less structural defects in SiC 

compared to irradiated samples. The (LO) mode in the irradiated SiC samples to a fluence of 

8.4×1014 cm-2 has the lowest intensity and largest FWHM which indicates that this sample has 

the smallest crystal size compared to the samples irradiated to a fluence of 3.4×1014 cm-2 and 

un-irradiated but Ag implanted samples. This is rather surprising, since the irradiated samples 

had already partially recrystallized after irradiation while the un-irradiated sample (i.e. the 

sample implanted with Ag) was fully amorphous. Therefore, the recrystallization due to the 

annealing at 1100 °C in irradiated and un-irradiated but Ag implanted samples was different. 

This might be due to the difference in impurity concentrations (i.e. concentration of Ag atoms) 

in the irradiated and un-irradiated but Ag implanted samples.     

The un-irradiated but Ag implanted samples retained more than 98% of Ag (i.e. from the initial 

Ag concentration) after annealing at 1100 ęC. Annealing the SHI irradiated samples at 1100 oC 

resulted in less Ag retention of about 58% and 46% of the implanted Ag in the irradiated 

samples at fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2, respectively (see Figure 6.11). As 

mentioned earlier, the Si-Si peak in the SHI irradiated SiC samples annealed at 1100 ęC 

indicated that these samples contain free silicon atoms [Ech95]. The presence of the free Si 
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atoms might be one of the impurities inhibiting the recrystallization of the SHI irradiated 

samples. In general, impurities usually retard the recrystallization process and inhibit crystal 

growth [But51, Hir60]. However, it has been reported that Ag assists the recrystallization of 

SiC in the TRISO particle [Gen14]. In a study by Geng et al. [Gen14], TRISO particles that 

had a thin film of silver trapped between two SiC layers were used to investigate the driving 

force for silver migration through a SiC coating. Also, both thermodynamic calculation of the 

SiCïAg system and wetting behavior of Ag on SiC have been examined to explain the chemical 

reaction between SiC and Ag. Their study shows that silver penetrates through the SiC coating 

in the TRISO particle, which was thermally treated at 1800 °C. Silver was found to wet SiC 

grain boundaries, and large recrystallization of SiC took place at the reaction interface between 

silver and SiC. Moreover, silver was found inside the newly formed SiC grains.   

The results presented by Geng et al. [Gen14] are in agreement with our observations, where 

the un-irradiated but Ag implanted samples (which retained more than 98% of Ag after 

annealing at 1100 ęC) showed large recrystallization SiC as compared to irradiated samples 

annealed in the same conditions (which show poor Ag retention ï mentioned above). Since the 

microstructure of SiC can have an influence on the diffusion of the implanted fission products 

in SiC [Mal13, Hon11], studying the structure of irradiated and un- irradiated but Ag implanted 

SiC after annealing is very important.  
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Figure 6.5: SEM micrographs of samples annealed at 1100 oC. Low magnification images are 

shown of (a) un-irradiated samples, (b) samples irradiated with 167 MeV Xe ions to a 

fluence of 3.4×1014 cm-2 and (c) samples irradiated with 167 MeV Xe ions to a fluence 

of 8.4×1014 cm-2. The corresponding high magnification images are shown in (aô), (bô) 

and (cô).  

 

The crystallization observed by Raman spectroscopy in Figure 6.4 was also evident in the SEM 

images shown in Figure 6.5. After implantation the surfaces were featureless, as is typical of 

bombardment induced amorphous SiC layers ï see Figure (6.3). As can be seen in Figure 6.5 

(a) and (aô), annealing of the un-irradiated but Ag implanted samples resulted in long thin 

crystals growing in random directions. However, this micrograph also shows smaller and 
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randomly shaped crystals present on the surface. The surfaces of the irradiated samples (Figure 

6.5 (b), (bô) and (c), (cô)) consisted of pores and irregular-shaped crystals. The difference in the 

surfaces structure between the irradiated and un-irradiated but Ag implanted samples is due to 

the difference in the recrystallization mentioned above. Comparison between the SEM results 

in Figures (6.3) and (6.5), and the Raman results in Figures (6.2) and (6.4), clearly shows that 

annealing the irradiated and un-irradiated but Ag implanted samples at 1100 ęC results in 

recrystallization of amorphous SiC. 

In this study, the average crystal sizes were determined from the SEM images in Figure (6.5) 

which were obtained from the irradiated and un-irradiated but Ag implanted samples, all 

annealed at 1100 ęC. To ensure that the crystals were selected randomly, five straight lines 

were drawn randomly across the images in Figure (6.5) and the sizes of individual crystals 

along these lines were determined and averaged. The crystal size was measured with respect to 

the scale of the SEM image (i.e. 200 nm). Since the surface of un-irradiated but Ag implanted 

samples showed long thin crystals growing in random directions (Figure 6.5 (a), (aô)), the 

average length and width of the long thin crystals were measured and are shown in Table (6.1). 

The surfaces of the irradiated samples (Figure 6.5 (b), (bô) and (c), (cô)) contained pores, so, 

the average pore sizes were also determined with respect to the scale of the SEM image (i.e. 

200 nm) and shown in Table 6.1. From Table 6.1, the crystals in the un-irradiated but Ag 

implanted samples (i.e. long thin crystals) had an average length of about 220 nm with average 

width of about 40 nm. Both the irradiated samples had average crystal sizes of less than 90 nm. 

The samples irradiated to a fluence of 3.4×1014 cm-2 showed a larger average crystals size (i.e. 

82 nm) compared to the samples irradiated to a fluence of 8.4×1014 cm-2 which had a smaller 

average crystals size of 59 nm. The difference in average crystal size between samples 

irradiated at different fluences is believed to be significant, as the +/- in the Table 6.1 refers to 

the distribution of the crystal sizes and not to the uncertainty in the average. The average pore 

size of the samples irradiated to a fluences of 8.4×1014 cm-2 (i.e. 27 nm) was little bit larger 

compared to the average pore size in irradiated samples at fluences of 3.4×1014 cm-2 (25 nm). 

The difference in average pore size between samples irradiated at different fluences is clearly 

not significant due to a larger uncertainty value (±16) given in Table 6.1. Comparison between 

the results in Table (6.1) with the Raman results (in Figures (6.4)) clearly showed that a sample 

irradiated to at fluence of 8.4×1014 cm-2 had smallest average crystal size after annealing at 

1100 ęC compared to the irradiated samples at fluences of 3.4×1014 cm-2 and un-irradiated but 

Ag implanted samples annealed in the same conditions. The differences in the average crystal 
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sizes between irradiated and un-irradiated but Ag implanted samples as shown in Table 6.1 

could be due to the difference in the recrystallization of these samples after annealing them at 

1100 ęC as showed in Figure (6.4). 

Table 6.1: Average crystal and pores sizes determined from SEM images for irradiated 

and un-irradiated SiC annealed at 1100 ęC. 

Sample Average crystals size (nm) 

Un-irradiated ï 1100 ęC Average crystal length 

(nm) 

Average crystal width 

(nm)  

229±140 41±10 

Average crystal size (nm) Average pore size (nm)  

Samples irradiated at 3.4×1014 cm-2 ï 1100 

ęC 

82±38 25±16 

Samples irradiated at 8.4×1014 cm-2 ï 1100 

ęC 

59±36 27±16 

 

This difference in the grains size between un-irradiated and irradiated samples can be explained 

by the final grain size equation below [Sub98]:  

ὃ  

“
σ

ː
τ
σ

’

ᶰὶ
 (6.4) 

where AG is the final grain size, ũ is Eulerôs gamma function, ’ is the phase growth rate and 

ᶰὶ is rate of nucleation per unit amorphous area where  ɴis the thickness of the amorphous 

layer and rn is the steady-state nucleation rate. Equation 6.4 provides a quantitative relationship 

between grain size, nucleation, and grain growth. From this equation, it is apparent that the 

intuitive argument that grain growth can be maximized by minimizing the nucleation rate is 

correct (i.e. large grain size (AG) will be formed when nucleation rate (ɴὶ) is minimized). The 

final grain size (AG) is inversely proportional to the rate of nucleation per unit amorphous area 

ᶰὶ. Since the un-irradiated but Ag implanted samples were amorphous before annealing as 

shown in Figure (6.2) and (6.3), the final grain size (AG) would be larger compared to the 

irradiated samples which were composed of crystallites that were randomly orientated in an 



88 | P a g e 
 

amorphous matrix before annealing [Hal15, Hal16]. Therefore, these differences in the average 

crystal sizes were due to the fact that the initial surfaces/layers were in different states before 

annealing, i.e. the un-irradiated samples were amorphous while the irradiated samples were 

composed of crystallites that were randomly orientated in an amorphous matrix [Hal15, Hal16].  

The SiC structure studied by SEM and Raman after annealing at 1200 ęC, 1300 ęC and 1400 

ęC will be discussed later in this chapter. 

 
Figure 6.6: Raman spectra of SiC implanted with Ag at room temperature and then 

sequentially annealed up to 1500 °C. The spectra a the SiC samples initially implanted 

with Ag and then irradiated with 167 MeV Xe ions to fluences of 3.4×1014 cm-2 and 

8.4×1014 cm-2 and then sequentially annealed up to 1500 °C. 

 

The Raman spectra of the Ag implanted SiC samples with and without SHI irradiation after 

sequential annealing up to 1500 oC are shown in Figure (6.6). In both the un-irradiated and 

irradiated samples, the two peaks appeared at 1350 and 1580 cm-1 corresponding to the D and 

G bands which are more dominant in all the carbon materials. The C-C peak at 1520 cm-1 

(which represent the second-order Raman lines of crystalline SiC [Sor06]) in the un-irradiated 

and irradiated samples annealed at temperatures from 1200 to 1400 oC is still present after 

annealing at 1500 ęC, but it partially merged with G peak at 1580 cm-1. The presence of the D 

and G peaks indicates the presence of a carbon layer on the sample surfaces after annealing at 

1500 oC. This result of decomposition of SiC leaving a thin carbon layer on the surface is in 

agreement with vacuum annealing of polycrystalline SiC at 1800 oC [Ber12]. The difference 

in the D and G peak intensities shown in the Raman spectra of the un-irradiated but Ag 
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implanted and irradiated (which implanted first then irradiated by SHI) samples after annealing 

at 1500 ęC is due to the defect density in a carbon layer formed on the surfaces of these samples 

[Sai11]. The LO mode of SiC for the un-irradiated but Ag implanted sample at about 964 cm-

1 had a slightly higher intensity compared to that of the SHI irradiated samples. This suggests 

that the un-irradiated sample has on average larger crystals compared to the irradiated samples. 

The FWHM of the un-irradiated but Ag implanted samples was narrower compared to the 

irradiated samples (10 cm-1 for un-irradiated but Ag implanted, 10.4 cm-1 and 10.6 cm-1 for 

irradiated samples to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 respectively). Based on the 

discussion on Figure 6.4, this suggest that annealing the un-irradiated samples at 1500 °C 

resulted in larger crystallites or less structural defects in SiC compared to irradiated samples 

annealed under the same conditions. The difference in the average crystals size between the 

irradiated and un-irradiated but Ag implanted samples after annealing sequentially up to 1500 

ęC can be proven by calculating the average crystals size from the SEM images. However, it is 

very difficult to measure the average crystal sizes from the SEM images because these samples 

are mostly covered by the carbon layer after annealing at 1500 ęC (especially for the irradiated 

samples at high fluence - see Figure 6.7 (c) below).    

The SEM micrographs of both irradiated and un-irradiated samples after sequentially annealing 

up to 1500 oC are shown in Figure 6.7. The un-irradiated surface was composed of larger 

crystals while the irradiated was composed of finer crystals. A comparison between Figures 

6.5(bô) and 6.7(bô) shows that the crystallites have increased in size with the increase in 

annealing temperature. The increase in temperature increases the mobility of atoms leading to 

the increase in average crystal size, in line with crystal growth theory [But51, Hir60]. Some of 

the crystallites were protruding more than others. Obviously, this effect was more visible on 

the un-irradiated samples with their larger crystals. This can be explained in terms of Wulffôs 

law (i.e. the preferential growth of a crystal surface with a lower surface energy compared to 

another surface with a higher surface energy) [Wul01, Ber12].  

In addition, thermal etching can play a contributing role at this temperature for all the samples 

[Ber12]. As can be seen from Figure 6.7 (b, bô) and (c, cô), the surface morphology of the 

irradiated sample after annealing at 1500 °C shows fewer and smaller pores as compared to 

those annealed at lower temperatures (see Figure 6.5(b, bô) and (c, cô) and Table (6.1). The 

same explanations for crystal growth as used above for the un-irradiated but Ag implanted 

samples are applicable here. Figure 6.7(a) and (aô) shows thin strands of carbon material 
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between the SiC crystallites and clusters with few and very small pores on the surface after 

annealing at 1500 °C. This carbon material on the surface of SiC after sequentially annealing 

up to 1500 oC was also observed in Raman and RBS spectra in Figures 6.6 and 6.8 respectively. 

 

 

Figure 6.7: SEM micrographs of irradiated and un-irradiated samples after sequentially 

annealing up to 1500 oC, Low magnification images are shown of samples (a) un-

irradiated, (b) irradiated with 167 MeV Xe ions to a fluence of 3.4×1014 cm-2 and (c) 

irradiated with 167 MeV Xe ions to a fluence of 8.4×1014 cm-2. The corresponding high 

magnification images are shown in (aô), (bô) and (cô). 

 

Figure 6.8 shows the RBS spectra of SiC (both irradiated and un-irradiated but Ag implanted 

samples) after sequentially annealing from 1100 to 1500 oC for 5 hours in steps of 100 oC. The 

Ag peaks are not shown in the three spectra. Arrows in Figure 6.8 indicate the Si and C surface 

1 Õm

1 Õm

(a)

(b)

200nm 

(aô)

200nm 

(bô)

1 Õm

(c)

200nm 

(cô)



91 | P a g e 
 

channel positions. Spectra look the same before and after implantation, irradiation and 

annealing from 1100 to 1400 oC. Annealing these samples at 1500 oC resulted in the 

accumulation of carbon on the SiC sample surface where the RBS spectra showed a higher 

(than normal) count on the edge corresponding to the carbon surface. This was accompanied 

by the shift of the Si surface energy channel positions to lower energy channel positions 

indicating the presence of a carbon layer on the SiC surfaces. The free carbon on the surfaces 

was due to thermal decomposition of SiC causing the sublimation of silicon thus leaving a free 

carbon layer on the surface. The decomposition of implanted SiC layers has been reported 

previously [Fri09, Hal12, Ber12] to occur at temperatures above 1400°C. The decomposition 

of SiC observed after RBS analysis at 1500 oC correlates with Raman results (Figure 6.6) which 

showed the appearance of the D and G peaks at this temperature and with the SEM image 

shown in Figure 6.7 (a) and (aô). 

 

 
 

Figure 6.8: SiC RBS spectra of irradiated and un-irradiated samples before and after 

sequentially annealing up to 1500 oC. (a) Un-irradiated, (b) Implanted with Ag then 

irradiation with 167 MeV Xe ions at room temperature to a fluence of 3.4×1014 cm-2. 

(b) Implanted with Ag then irradiation with 167 MeV Xe ions at room temperature to a 

fluence of 8.4×1014 cm-2. 
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6.1.3. Effect of SHI irradiation on the migration behaviour of Ag in SiC 

Migration behaviour of Ag implanted into SiC was investigated after irradiation and sequential 

annealing using RBS. As shown in Figure 6.9, no migration of implanted Ag was observed 

after SHI irradiation. Similar results have been reported for other implanted fission products 

and SHIs irradiations [Aud08, Hal15 and Hal16]. 
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Figure 6.9: Ag depth profile from un-irradiated and irradiated samples. 

 

Silver depth profiles of irradiated and un-irradiated samples after sequential annealing at 

temperatures ranging from 1100 to 1500 oC for 5 hours are shown in Figure 6.10. Figure 6. 11 

shows the retained ratio of Ag which was calculated from the total counts/yield of Ag after 

annealing, divided by the counts of the as-implanted sample. From Figure 6.11, it can be 

observed that annealing the SHI irradiated samples at 1100 oC resulted in significant loss of 

about 42% and 54% of implanted Ag in both the SHI irradiated samples at fluences of 3.4×1014 

cm-2 and 8.4×1014 cm-2, respectively. This was due to the presence of pores in the surface of 

the SHI irradiated samples as shown in Figure 6.5 (bô) and (cô). The loss of Ag through the 

pores in SiC have been reported in previous works [Hal12, Mac04]. The work by MacLean et 

al. indicated that silver moves through nano-pores in SiC as the possible migration path 

[Mac02, Mac03, Mac04]. Further loss of Ag was observed in the irradiated samples after 

annealing at temperatures from 1200 to 1400 oC. This was due to small pores as showed in 

Figure 6.13 and 6.14. The Ag peak shifted towards the surface after annealing at 1400 oC, 

probably due to thermal etching of the SiC surface [Hal12]. At 1500 ęC, further loss of silver 

accompanied by a further shift of the Ag peak ï see Figure 6.10 (b) and (c) towards the surface. 
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This shift is due to the thermal etching of SiC which studied by van der Berg et al. [Ber12] 

who found that the thermal etching of SiC started at 1200 °C and increase when annealed at 

1500 °C. 

The un-irradiated but Ag implanted samples showed small loss of Ag of about 3% (see Figure 

6.11) due to the very few and small pores that appeared on the surface (see Figure 6.5 (a and 

aô)). Therefore, the different amounts of retained silver in the irradiated and un-irradiated but 

Ag implanted samples after annealing at 1100 ęC were due to the difference in surface 

morphology of the samples. These results agree with the work done by Kim et al. [Kim15] who 

found that Ag transport depends on the microstructure of SiC (such as SiC grain size and shape, 

the presence of free silicon, nano-cracks, etc.).  

 

Figure 6.10: RBS Ag depth profiles for irradiated and un-irradiated samples before and after 

annealing. (a) Ag depth profiles for un-irradiated samples. (b) Ag depth profiles for 

irradiated samples with Xe at room temperature to a fluence of 3.4×1014 cm-2. (c) Ag 

depth profiles for irradiated samples with Xe at room temperature to a fluence of 

8.4×1014 cm-2. 
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Figure 6.11: The retained ratio of silver in irradiated and un-irradiated samples before and 

after sequential annealing up to 1500 0C. 

 

Slight migration of implanted Ag toward the surface (see Figure 6. 10(a)), accompanied by a 

loss of Ag (see Figure 6.11) was observed after annealing at 1100 oC for un-irradiated samples. 

After annealing at 1200 oC, the Ag profile in the un-irradiated but Ag implanted sample 

broadened and there was loss of about 5% of the Ag. Such symmetric broadening of an 

implanted species is characteristic of Fickian diffusion [Mal17]. This broadening became more 

pronounced at 1300 oC and about 12% of implanted Ag was lost from the initial Ag 

concentration implanted in SiC. After annealing at 1400 oC, the Ag profile peak shifted towards 

the surface by about 30 nm (without any broadening) from the Ag profile peak position in un-

irradiated samples annealed at 1300 ęC. This shift was accompanied by loss of about 22% of 

implanted Ag from the initial Ag concentration implanted in SiC due to the small pores 

observed on the SiC surface (see Figure 6.12 (c)). The shift of Ag profile peak after annealing 

at 1400 oC might be due to thermal etching of SiC. More than 76% of Ag was lost compared 

to as-implanted Ag concentration after annealing sequentially up to 1500 oC. The significant 

loss of Ag is attributed to the escape of Ag via pores in the surfaces of the un-irradiated but Ag 

implanted samples (see Figures 6.5, 6.7 and 6.12) aided by sublimation into the vacuum during 

annealing [Hal13, Mac04]. At 1500 ęC, the shift of the silver profile towards the surface and 

subsequent loss of Ag is due to material (SiC) being removed from the surface (i.e. thermal 

etching) as a result of annealing. The Ag profile peak further shifted towards the surface by 20 

nm from the Ag profile peak position in un-irradiated samples annealed at 1400 ęC. At 1500 

ęC, the shifting of the Ag profile peak towards the surface caused an asymmetric peak. The 
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asymmetric peak of Ag in the sample annealed at 1500 oC (see Figure 6.10 (a)) which is due to 

substantial loss of silver from the SiC substrate through the surface. This will reduce the 

concentration on the surface side of the silver profile.  

The small loss of Ag in the un-irradiated samples and the high loss of Ag in the irradiated 

samples after annealing at 1100 oC were due to different structures in the annealed un-irradiated 

and irradiated samples. Annealing the un-irradiated samples at this temperature led to the 

formation of rather large grains with the presence of very small pores while annealing the 

irradiated samples produced fine grained structures with the presence of large pores- (see 

Figure 6.5). The presence of large pores in the surface of the irradiated samples led in high 

amount of Ag loss. From these results, it is quite clear that Ag releasing is favoured in the 

irradiated SiC structure.  
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Figure 6.12: SEM micrographs of un-irradiated samples sequentially annealed at 1200 oC, 

1300 oC and 1400 oC. (a), (b) and (c) low magnification of un-irradiated samples 

annealed at 1200 oC, 1300 oC and 1400 oC respectively. The corresponding high 

magnification images are shown in (aô), (bô) and (cô). 
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Figure 6.13: SEM micrographs of irradiated samples at 3.4×1014 cm-2 and sequentially 

annealed at 1200 oC, 1300 oC and 1400 oC. (a), (b) and (c) low magnification of 

irradiated samples at 3.4×1014 cm-2 annealed at 1200 oC, 1300 oC and 1400 oC 

respectively. The corresponding high magnification images are shown in (aô), (bô) and 

(cô). 
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Figure 6.14: SEM micrographs of irradiated samples at 8.4×1014 cm-2 and sequentially 

annealed at 1200 oC, 1300 oC and 1400 oC. (a), (b) and (c) low magnification of 

irradiated samples at 8.4×1014 cm-2 annealed at 1200 oC, 1300 oC and 1400 oC 

respectively. The corresponding high magnification images are shown in (aô), (bô) and 

(cô).  

 

Raman spectra of the un-irradiated and irradiated samples after sequential annealing at 1200 

oC, 1300 oC and 1400 oC are shown in Figure 6.15 (a), (b) and (c) respectively. The Raman 

spectra shows further narrowing of the TO and LO modes for all the samples. This narrowing 

of FWHM indicates more recovery of the SiC crystalline structure is due to annealing at 1200 

oC, 1300 oC and 1400 oC. Furthermore, the LO mode of SiC for the un-irradiated but Ag 

implanted sample at about 964 cm-1 had a significantly higher intensity compared to that of the 

SHI irradiated samples annealed at 1200 oC, 1300 oC and 1400 oC ï see Figure 6.15 (a), (b) 
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and (c), respectively. This suggests that the un-irradiated but Ag implanted sample has an 

average larger crystal compared to the irradiated samples.  

 

Figure 6.15: Raman spectra of un-irradiated but Ag implanted and irradiated SiC 

sequentially annealed up to (a) 1200 °C, (b) 1300 °C and (c) 1400 °C.  

 

The average crystal sizes were determined from the SEM images in Figure 6.12, 6.13 and 6.14 

which were obtained from the irradiated and un-irradiated with Ag implanted samples annealed 

at 1200 ęC, 1300 oC and 1400 oC. Since the surface of un-irradiated but Ag implanted samples 

annealed at 1200 ęC showed long thin crystals growing in random directions (Figure 6.12 (a), 

(aô)), the average length and width of the long thin crystals were measured and reported in 

Table (6.2). The surfaces of the irradiated samples (Figure 6.13 and 6.14) contained pores, so, 

the average pore sizes were also determined with respect to the scale of the SEM image (i.e. 

200 nm) and shown in Table 6.2. From Table 6.2, the crystals in the un-irradiated but Ag 

implanted samples annealed at 1200 ęC (i.e. long thin crystals) had an average length of about 

317 nm with average width of about 51 nm. The average crystals size in un-irradiated but Ag 

implanted samples annealed at 1200 ęC is larger than the average crystal size in un-irradiated 

(a) (b)
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but Ag implanted samples annealed at 1100 ęC (see Table 6.1 and 6.2). The increase in 

annealing temperature increases the mobility of atoms leading to an increase in average crystal 

size, in line with crystal growth theory [But51, Hir60]. The average crystal sizes were not 

determined from the un-irradiated but Ag implanted samples annealed at 1300 ęC and 1400 oC 

because of the unclear crystals and presence of some crystal clusters on the surfaces ï see 

Figure 6.12 (b) and (c).   

The irradiated samples had average crystals sizes of less than 90 nm. The samples irradiated to 

a fluence of 3.4×1014 cm-2 showed a larger average crystal size (i.e. 86 nm) as compared to the 

samples irradiated to a fluence of 8.4×1014 cm-2 which had a smaller average crystals size of 

77 nm (all annealed at 1200 ęC). The results in Table (6.2) agrees with those obtained using 

Raman techniques (in Figures (6.15 (a)) which showed that the irradiated samples at fluences 

of 8.4×1014 cm-2 with low intensity of LO mode indicates a smaller average crystal size. After 

annealing at 1300 ęC, the samples irradiated to a fluence of 3.4×1014 cm-2 showed a larger 

average crystals size (see Table 6.2) and high intensity for LO mode (see Figure 6.15 (b)) as 

compared to the samples irradiated to a fluence of 8.4×1014 cm-2 and annealed in the same 

conditions. Therefore, as the average crystal size increases, the LO phonon intensity increases 

in the Raman spectra. 

Table 6.2: Average crystal and pores sizes determined from SEM images for irradiated 

and un-irradiated SiC annealed at 1200 ęC and 1300 ęC. 

Annealing 

Temperatures 

Un-Irradiated Irradiated samples at 

3.4×1014 cm-2 

Irradiated samples at 

8.4×1014 cm-2 

 Average 

crystals 

length (nm) 

Average 

crystals 

width (nm) 

Average 

crystal size 

(nm) 

Average 

pores size 

(nm) 

Average 

crystal size 

(nm) 

Average 

pores size 

(nm) 

1200 ęC 317±89 51±12 86±37 22±5 77±34 21±9 

1300 ęC - - 88±30 22±9 84±33 20±8 

 

6.1.4. The migration behaviour of Ag in SiC as compared to previous results 

The diffusion coefficient (D) of Ag in irradiated and un-irradiated SiC was estimated from 

fitting the depth profiles (after annealing) to a solution of the Fick diffusion equation for an 

initially Gaussian profile [Mal17]. The diffusion coefficient of Ag in SiC was calculated for 

the irradiated samples annealed at 1100 ęC and un-irradiated samples annealed from 1200 to 
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1300 ęC, as shown in the Figure 6.16. The diffusion coefficients of Ag in the irradiated samples 

annealed from 1200 to 1500 ęC could not be determined. This is due to the fast migration of 

implanted Ag out of the surface leaving a too low concentration of Ag after annealing at 1200 

ęC. Also, the diffusion coefficient of Ag was not determined in un-irradiated samples annealed 

at 1400 and 1500 ęC due to asymmetric profiles (i.e. not Gaussian). 

 

Figure 6.16: A compilation of reported diffusion coefficients of silver implanted into 

polycrystalline SiC. The references of the data are given in the text. 

 

The diffusion coefficients determined in this study are shown in Figure 6.16 and compared 

with previous studies on diffusion of Ag in SiC [Fri09, Fri11, Ger15 and Len16]. The diffusion 

coefficients of 6.7×10-21 m2/s and 1.6×10-20 m2/s were obtained for the un-irradiated but Ag 

implanted sample after annealing at temperatures of 1200 ęC and 1300 ęC respectively, for 5 

hours. These data agree with the work of Friedland and co-workers [Fri11]. The authors 

investigated the diffusion of silver in polycrystalline 3C-SiC and reported the diffusion 

coefficients of Ag after annealing at the temperatures of 1200, 1300 and 1400 °C was 4.7×10-

21 m2/s, 1.5×10-20 m2/s and 1.2×10-19 m2/s, respectively. The agreement in our work with 

Friedlandôs [Fri11] is reflecting the same mechanism of diffusion which is the grain boundary 

diffusion as described by Fickian diffusion equation adapted in Malherbe code [Mal17] used 

to calculate diffusion coefficient in this study. The effect of swift heavy ion irradiation was 

evident as the diffusion coefficients obtained for the irradiated sample is higher than the un-
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irradiated but Ag implanted sample. At 1100 ęC, the irradiated samples at fluences of 3.4Ĭ1014 

cm-2 and 8.4×1014 cm-2 has diffusion coefficients of 2×10-20 m2/s and 3.2×10-20 m2/s, 

respectively. However, after annealing at 1100 ęC, there was no determinable diffusion 

coefficient for Ag in un-irradiated but Ag implanted samples. The two sets of data reported by 

Leng et al. [Len16] are particularly interesting in the context of this study. They investigated 

the diffusion of 400 keV Ag+ implanted at 300 °C to a fluence of 5 ×1014cm-2. Some of the 

implanted samples were pre-irradiated at 950 °C with 3.15 MeV C+2 ions to a fluence of 1.1 × 

1017 cm-2 and the diffusion coefficients for the irradiated and un-irradiated but implanted 

samples were also measured. This temperature of 950 °C is above the threshold amorphization 

temperature for SiC bombarded with heavy ions in the energy range of 100 ï 400 keV [Mal13]. 

As can be seen from Figure 6.16, diffusion coefficients for the latter samples were also higher 

than the Ag implanted samples (i.e. un-irradiated samples). This is in agreement with the results 

of this study and indicates that bombardment with swift heavy ions enhances the diffusion of 

Ag in SiC.  

 

6.2 Effect of Sr ion implantation, Xe ion irradiation and annealing on the structure of 

polycrystalline SiC and the effect of these structures on the migration behaviour of Sr 

The results in section 6.2 will be discussed in detail in subsequent sections. The effect of 360 

keV Sr+ and 167 MeV Xe+ bombardment on silicon carbide structure was investigated using 

SEM and Raman spectroscopy and reported in section 6.2.1. Section 6.2.2 will discuss the 

effect of annealing on the structure of irradiated and un-irradiated SiC implanted with Sr. 

Lastly, the effect of swift heavy ion irradiation and annealing on the migration behaviour of Sr 

in SiC was investigated using RBS and discussed in section 6.2.3. 

 

6.2.1. Effect of Sr and Xe ions bombardment on the structure of polycrystalline SiC 

Figure 6.17 (a) shows a comparison between the 360 keV strontium implanted depth profile 

and the SRIM [Zie13] simulated profile. The as-implanted profile in Figure 6.17 (a) is slightly 

broader than the SRIM profile, as also shown by the range straggling values. The experimental 

projected and straggling range for strontium implanted into SiC at room temperature were 146 

nm and 40 nm, respectively. While the Rp and ȹRp values for Sr implanted into SiC calculated 

by SRIM were 138 nm and 38 nm, respectively. The difference in the projected range was 

about 5% (the experimental Rp was larger than the one by SRIM). Also, the discrepancy in the 

straggling range was about 5%. The projected and straggling ranges calculated by SRIM and 
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the one obtained from the experimental data are effectively in agreement with each other 

because the experimental error (about 5-10%) for depth profile. 

Figure 6.17 (a) also shows the displacement per atom (dpa) produced as a result of Sr ion 

implantation at an energy of 360 keV and fluence of 2×1016 cm-2. The dpa was calculated by 

using equation (6.1). Figure 6.17 (b) shows the Xe depth profile calculated by SRIM and the 

dpa profile due to Xe ions irradiation with energy of 167 MeV. Displacement energies of 35 

and 20 eV for Si and C respectively were used in the simulation [Web04]. Assuming that the 

minimum displacement per atom (dpa) of about 0.3 dpa is enough to amorphize SiC [Web98], 

it is quite clear that implantation of Sr will result in an amorphous layer of about 205 nm from 

the surface and that the Xe ions did not amorphize SiC. The as-implanted SiC samples were 

then irradiated with 167 MeV Xe ions. From Figure 6.17 (b), itôs clear that the amorphous 

region in the as-implanted SiC will be extensively exposed to large amounts of energy 

deposition (~20 keV/ nm) due to electronic energy loss of the penetrating Xe ions. This SRIM 

simulation will help in the explanation of the Raman results in Figure (6.18) below. 

 

Figure 6.17: Depth profiles of (a) 360 keV Sr ions implanted in silicon carbide at room 

temperature compared with SRIM ion distribution and displacement per atom. (b) 

SRIM simulated profiles of Xe ions of 167 MeV irradiated into SiC, the relative atomic 

density is shown in black, displacement per atom (dpa) in blue and electronic energy 

loss in red. 

. 

Relative atomic density shown in Figure 6.17 above is the ratio of the density of strontium 

inside SiC to the density of the SiC substrate. For this study the density of 3C-SiC was taken 

to be 3.21 g.cm-3, equivalent to 9.641×1022 atoms/cm3. The counts of Sr atoms inside SiC 

obtained by RBS were converted into relative atomic density (%) by first calculating the silver 
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density inside SiC. This was achieved by taking into consideration the implanted fluence (ű) 

in cm-2 unit, the total strontium counts (N) in counts unit, count per channel (dn) in counts unit 

and the depth resolution (D) in cm/channel unit. 

”                                                            (6.5) 

Thereafter the relative atomic density (RAD) % was determined by taking the ratio: 

ὙὃὈϷ ρππ                                              (6.6) 

where ”  is the atomic density of SiC (i.e. 9.641×1022 atoms/cm3) 

The Raman spectra of the SiC surface after Sr implantation and after SHI irradiation to different 

fluences are shown in Figure 6.18 where the un-implanted (virgin) sample has been included 

for comparison. The Raman spectrum of the un-implanted SiC shows the characteristic main 

Raman peaks of SiC which discussed in a previous section (see Figure 6.2). Implantation of Sr 

into SiC at room temperature resulted in the disappearance of the characteristic SiC Raman 

peaks (i.e. the transverse optical (TO) phonon mode at approximately 794 cmī1 and the 

longitudinal optical (LO) phonon mode at 964 cmī1) and the appearance of a broad peak due 

to Si-Si vibrations at around 525 cm-1. This was accompanied by the damaged SiC band at 

around 800 cm-1 and C-C vibrations at around 1425 cm-1. These changes indicate the 

amorphization of the near surface region of the SiC substrate after Sr implantation. As shown 

in Figure 6.17 (a), the calculated amount of dpa due to Sr implantation is higher than the 

minimum dpa required to cause amorphization SiC (i.e. 0.3 dpa), therefore amorphization of 

SiC was expected.  
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Figure 6.18: Raman spectra of the virgin SiC (virgin), implanted with 360 keV Sr ions (as-

implanted), implanted with Sr then irradiated with 167 MeV Xe ions to fluences of 

3.4×1014 cm-2 and of 8.4×1014 cm-2. 
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Irradiation of the implanted SiC with Xe (167 MeV) ions at room temperature to fluences of 

3.4×1014 cm-2 and 8.4×1014 cm-2 caused the partial reappearance of broad SiC characteristic 

Raman peaks at around 780 and 900 cm-1 with the Si-Si (around 525 cm-1) and C-C (around 

1425 cm-1) peaks still present. The appearance of broader characteristic SiC peaks indicates 

some limited recrystallization of the initially amorphous SiC layer. Similar recrystallization of 

SiC implanted with different implanted ions after SHIs irradiation has been reported previously 

[Hal15, Hal16]. In those previous studies, transmission electron microscopy (TEM) and Raman 

spectroscopy were used to study the structural changes of the as-implanted SiC after SHIs 

irradiation. They found that, the recrystallization of the initially amorphous SiC was due to SHI 

irradiation causing the formation of randomly oriented crystallites embedded in amorphous 

SiC. The similarities of the reported Raman results with our current Raman results suggest that 

our irradiated amorphous SiC layer was also composed of randomly oriented crystallites 

embedded in amorphous SiC.  

Figure 6.19 (a) and (aô) shows SEM micrographs of the as-received (i.e. un-implanted) SiC 

wafer. The surface had only some polishing marks (labelled P) observed on it. Figure 6.19(b 

and bô) shows the as-implanted SiC surface (un-irradiated). The as-implanted sample surface 

was featureless apart from some dirt (bubbles) with the polishing marks (less pronounced). The 

reduction in the visibility of polishing marks in RT as-implanted SiC surface is due to swelling 

of the SiC which occurred by amorphization [Sne98]. This result is in agreement with SRIM 

and Raman analyses in Figure 6.17 and 6.18 respectively. The polishing marks are faintly 

visible in both the irradiated samples (to a fluence of 3.4×1014 cm-2 and 8.4×1014 cm-2) shown 

in Figure 6.19 (c and cô) and (d and dô) respectively. As the Raman spectra for irradiated SiC 

samples in Figure (6.18) showed partial recrystallization of the RT as-implanted SiC, one 

would expect to see some crystallinity in SEM images of the irradiated SiC surface. The 

inability to see changes in the irradiated samples compared to as-implanted sample means that 

the random crystallites in irradiated samples are below the SEM detection limit. 
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Figure 6.19: SEM micrographs of the CVD-SiC surface. Low magnification images of (a) the 

as-received, (b) as-implanted with Sr, (c) implanted with Sr then irradiated with Xe ions 

to a fluence of 3.4×1014 cm-2 and (d) implanted with Sr then irradiated with Xe ions to 

a fluence of 8.4×1014 cm-2. (aô), (bô), (cô) and (dô) are the corresponding high 

magnifications SEM images. 
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6.2.2 Effect of annealing on the structure of irradiated and un-irradiated SiC 

Raman spectra of irradiated and un-irradiated but Sr implanted samples after annealing at 1100 

oC are shown in Figure 6.20. In order to analyse the Raman spectra obtained, the baseline of 

the spectral lines was corrected using a linear background correction. Annealing the samples 

at 1100 oC resulted in the reappearance of Raman characteristic peaks of SiC. The un-irradiated 

but Sr implanted samples fully recrystallized resulting in the disappearance of Si-Si and C-C 

peaks. The irradiated samples poorly recrystallized resulting in the appearance of Raman SiC 

characteristic peaks with a broad Si-Si peak (at about 545 cm-1) and a C-C peak (at 1520 cm-1) 

still present. 

 

Figure 6.20: (a) Raman spectra of SiC implanted with Sr at room temperature and annealed 

at 1100 °C (un-irradiated - 1100 oC), implanted and then irradiated with Xe (167 MeV) 

ions to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 and finally annealed at 1100 oC, 

(b) longitudinal optic (LO) phonon peaks for all samples. 

 

Un-implanted (i.e. virgin) SiC gives Raman scattering from a transverse optic (TO) phonon at 

approximately 794 cmī1 and a longitudinal optic phonon (LO) at 964 cmī1 (see Figure 6.18). 

At 1100 oC, the observed TO and LO peaks positions for un-irradiated sample were in the same 

positions as those of the virgin SiC. For the SHI irradiated samples, it can be observed that two 

distinct TO and LO peaks of SiC were both quite broad and had lower intensities compared to 

the un-irradiated but Sr implanted samples. Feng et al. [Feg16] found that the structural defects 

in SiC reduced the phonon lifetime, and hence caused a broadening of phonon Raman bands. 
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Thus, the increase in the FWHM indicates the existence of some kind of disordering. 

Furthermore, Oiang et al. [Oia13] suggest that the broadening in the full width at half maximum 

(FWHM) of the SiC characteristic peaks is due to the decrease in crystal size of SiC. From 

Figure (6.20), the LO mode of SiC for the un-irradiated but Sr implanted sample at about 964 

cm-1 had a significantly higher intensity compared to that of the SHI irradiated samples. This 

suggests that the un-irradiated sample has on average larger crystals compared to the irradiated 

samples. The LO phonon at 964 cmī1 shifted down to 962 cmī1 and 961 cmī1 for the samples 

irradiated to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 respectively, which was probably due 

to the tensile stress caused by the defects in lattice atoms [Wen12]. Generally, the tensile stress 

increases with decreasing the grain size [Sch91]. Richter et al. [Ric81] suggested that the 

phonon confinement model is correlated to the observed changes in the crystal size. They also 

found that the shift in the Raman peaks toward lower wavenumbers is due to the small crystal 

size in the investigated material. Therefore, for irradiated samples, shift in the LO Raman peaks 

towards lower wavenumbers is due to the small crystallites which formed within the amorphous 

region of SiC. A larger shift toward lower wavenumbers appeared in the irradiated sample to a 

higher fluence (8.4×1014 cm-2) indicating smaller crystallites as shown in Figure 6.20(b). These 

variations in Raman peak shifts were accompanied by an increase in the full width at half 

maximum (FWHM) of the SiC Raman prominent peak (i.e. LO mode) from 9.4 cm-1 (virgin) 

to 11.6 cm-1 for un-irradiated, 11.8 cm-1 and 19.6 cm-1 for irradiated samples at fluences of 

3.4×1014 cm-2 and 8.4×1014 cm-2 respectively. The FWHM of the un-irradiated sample was 

narrower compared to the irradiated samples. This confirms that annealing the un-irradiated 

but Sr implanted samples at 1100 °C resulted in larger crystallites compared to irradiated 

samples annealed in the same conditions. This is rather surprising, since the irradiated samples 

had already partially recrystallized after irradiation while the un-irradiated sample was fully 

amorphous. Therefore, the recrystallization in these samples are different. This is due to the 

difference in impurity concentrations in the irradiated and un-irradiated but Sr implanted 

samples. 

Annealing the un-irradiated but Sr implanted samples at 1100 oC resulted in poor Sr retention 

of about 75%. SHI irradiated samples retained more than 97% of Sr (i.e. from the initial Sr 

concentration) after annealing at 1100 ęC. In general, impurities can usually retard the 

recrystallization process and inhibit crystal growth [But51, Hir60]. The impurity can be Sr. The 

irradiated samples (which retained more than 97% of Sr after annealing at 1100 ęC) showed 
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poor recrystallization compared to the un-irradiated but Sr implanted samples annealed at same 

conditions (which shows poor Sr retention ï mentioned above).  

 

Figure 6.21: SEM micrographs of samples annealed at 1100 oC. Low magnification images 

are shown of (a) un-irradiated, (b) irradiated with Xe to a fluence of 3.4×1014 cm-2 and 

(c) irradiated with Xe to a fluence of 8.4×1014 cm-2. The corresponding high 

magnification images are shown in (aô), (bô) and (cô).  

 

The crystallization observed by Raman spectroscopy in Figure 6.20 is also evident in the SEM 

images shown in Figure 6.21. After implantation the surfaces were featureless, as it is typical 

of bombardment induced amorphous SiC wafers [Mal13]. As can be seen from Figure 6.21 (a 

and aô), annealing of the un-irradiated but Sr implanted samples resulted in crystal regrowth 
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and recrystallization competing with each other, eventually resulting in a polycrystalline 

surface layer with pores in it. There are some changes on the surface of the irradiated sample 

at low fluence (i.e. 3.4×1014 cm-2) after annealing at 1100 ęC while there are no major changes 

on the surface of the sample irradiated at higher fluence (i.e. 8.4×1014 cm-2) after annealing at 

the same temperature (see Figure 6.19 ((cô) and (dô)) and Figure 6.21 ((bô) and (cô))). The 

featureless surface of the samples irradiated at higher fluence (i.e. 8.4×1014 cm-2) after 

annealing at 1100 ęC indicates that we have smaller crystallites on the surface as compared to 

samples irradiated to lower fluence. This in agreement with the Raman results in Figure 6.20, 

where LO peak in the irradiated samples at fluence of 8.4×1014 cm-2 has larger shift toward 

lower wavenumber and increase in the FWHM which indicating smaller crystallites.  

This difference in the grains size between un-irradiated and irradiated samples after annealing 

(showed in Raman and SEM results in Figures (6.20 and 6.21)) can be explained by the final 

grain size equation (see equation 6.4). Equation 6.4 shows that the final grain size (AG) is 

inversely proportional to the rate of nucleation per unit amorphous area ᶰὶ. Since the un-

irradiated but Sr implanted samples were amorphous before annealing (see Figure 6.18), the 

final grain size (AG) will be larger compared to the irradiated samples which were composed 

of crystallites that were randomly orientated in an amorphous matrix before annealing [Hal15, 

Hal16]. 

The nano-crystallites in the irradiated samples in Figure 6.21 (b and bô) and (c and cô), are more 

clearly visible after annealing these samples at 1200 oC as can be seen in Figure 6.22 (b and 

bô) and (c and cô). Also, more pores appeared on the surface.  A comparison of the results in 

Figure 6.21 (b and bô) and (c and cô) and Figure 6.22 (b and bô) and (c and cô) shows that the 

increase in temperature which increases the mobility of atoms led to the increase in average 

crystal size, in line with crystal growth theory [But51, Hir60].  
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Figure 6.22: SEM micrographs of samples annealed at 1200 oC. Low magnification images 

are shown of (a) un-irradiated, (b) irradiated with Xe to a fluence of 3.4×1014 cm-2 and 

(c) irradiated with Xe to a fluence of 8.4×1014 cm-2. The corresponding high 

magnification images are shown in (aô), (bô) and (cô). 

 

The average crystal size of the un-irradiated sample annealed at 1100 ęC and irradiated samples 

annealed at 1200 ęC were determined from the SEM images in Figures 6.21 and 6.22 

respectively. To ensure that the crystals were selected randomly, five straight lines were drawn 

randomly across the images in Figures (6.21 and 6.22) and the sizes of individual crystals along 

these lines were determined. The crystal size was measured with respect to the scale of the 

SEM image (i.e. 200 nm). Since the surface of irradiated and un-irradiated samples (Figure 
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6.21 (a and aô) and Figure 6.22 ((b, bô) and (c, cô)) contain pores, the average pore size was 

also determined with respect to the scale of the SEM image (i.e. 200 nm). The average crystal 

and pore size for the irradiated and un-irradiated samples are listed in Table (6.3). From Table 

(6.3), at 1100 ęC, the un-irradiated samples have larger crystals (around 44 nm) as compared 

to the crystals in the irradiated samples which cannot be measured from Figure 6.21 (b, bô) and 

(c, cô)) due to the inability of SEM to detect them at the specified scale (i.e. 200 nm). These 

nano-crystallites on the samples irradiated to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 

clearly appeared after annealing at 1200 ęC (see Figure 6.22 ((b, bô) and (c, cô)) and have 

average crystal size of about 67 and 56 nm respectively - see Figure 6.22 and Table 6.3. The 

differences in the average crystal sizes between irradiated and un-irradiated but Sr implanted 

samples as shown in Table 6.3 is due to the difference in the recrystallization of these samples 

as mentioned above in Figure (6.20). Furthermore, these differences in the average crystal sizes 

it also could be due to the fact that the initial surfaces/layers were in different states before 

annealing, i.e. the un-irradiated samples were amorphous while the irradiated samples were 

composed of crystallites that were randomly orientated in an amorphous matrix [Hal15, Hal16]. 

Table 6.3: Average crystal and pore sizes determined from SEM images for un-irradiated 

SiC annealed at 1100 ęC and irradiated SiC annealed at 1200 ęC. 

Name of the sample Average crystals (nm) 

Un-irradiated ï 1100 ęC Average crystal size (nm)  Average pore size (nm)  

44±22 19±8 

Irradiated samples at 3.4×1014 cm-2 ï 1200 

ęC 

67±35 28±15 

Irradiated samples at 8.4×1014 cm-2 ï 1200 

ęC 

56±26 31±18 

 

After annealing the irradiated samples at 1200 oC, the Raman spectra showed increased 

narrowing of the TO and LO mode peaks of SiC indicates more recovery (i.e. recrystallization) 

of the SiC crystalline structure due to annealing at 1200 oC as seen in Figure 6.23. At 1200 ęC, 

the samples irradiated to a fluence of 3.4×1014 cm-2 had a large average crystals size (see Table 

6.3) and high intensity for LO mode (see Figure 6.23) as compared to the samples irradiated to 

a fluence of 8.4×1014 cm-2 and annealed in the same conditions. Thus, as the average crystal 

size increases, the LO phonon intensity increases in the Raman spectra. 
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Figure 6.23: Raman spectra of SiC implanted with Sr at room temperature then 

annealed at 1200 °C (un-irradiated - 1200 oC), implanted and then irradiated with Xe 

ions to fluences of 3.4×1014 cm-2 and 8.4×1014 cm-2 and finally annealed at 1200 oC. 

 

The SEM micrographs of both irradiated and un-irradiated but Sr implanted samples after 

sequentially annealing up to 1300 oC and 1400 oC are shown in Figure 6.24 and Figure 6.25 

respectively. The micrographs show that the SiC crystallites increased in size with the increase 

in annealing temperature, in line with crystal growth theory [But51, Hir60]. The crystal growth 

leads to coalescence of crystals as shown in Figure 6.25 (b and bô) and (c and cô). More 

pores/openings appeared in the SHI irradiated samples as seen in Figure 6.24(bô) and (cô). In 

Figure 6.25 (i.e. annealed at 1400 oC) the average crystallite size became slightly larger with 

fewer and smaller pores compared to the samples annealed at lower temperatures. In contrast, 

these pores were larger and clearly visible in the un-irradiated but Sr implanted samples 

annealed at 1100 ÁC (Figure 6.21(a and aô)) and in the irradiated samples annealed at 1300 oC 

(Figure 6.24 (b and bô) and (c and cô)). The same explanation of crystal growth used above is 

also applicable here.  
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C. Low magnification imagesomicrographs of samples annealed at 1300  SEM :24Figure 6. 

are shown of (a) un-irradiated, (b) irradiated with Xe to a fluence of 3.4×1014 cm-2 and 

(c) irradiated with Xe to a fluence of 8.4×1014 cm-2. The corresponding high 

magnification images are shown in (aô), (bô) and (cô). 
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