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ABSTRACT 

This study reviews the migration behaviour of selenium in polycrystalline SiC, which acts as the 

main diffusion barrier in the coated fuel particles for Very High Temperature Reactors. Se ions of 

200 keV were implanted into polycrystalline SiC wafers to a fluence of 1×1016 cm-2 at three 

temperatures, which were room temperature, 350 °C and 600 °C. The implanted samples were 

annealed at temperatures ranging from 1000 to 1500 °C in steps of 100 °C for 10 hours. The 

migration of implanted Se was monitored by Rutherford backscattering spectrometry (RBS) while 

structural and morphological changes were monitored by Raman spectroscopy and scanning 

electron microscopy (SEM). Implantation of Se at room temperature amorphized the near surface 

region of the SiC substrates, while in samples implanted above the critical amorphization 

temperature the crystal structure was retained with some radiation damage. Annealing at 1000°C 

resulted in the recrystallization of the amorphized SiC layer. In the case of room temperature 

implantation, the broadening of the implanted Se profile in RBS spectra was observed to occur 

after annealing at 1300°C and became significant with an increase in annealing temperature. This 

broadening was accompanied by a peak shift towards the surface and loss of implanted Se. No 

broadening was observed in samples implanted above the critical amorphization temperature, but 

the peak shift towards the surface began after annealing at 1300 °C in samples implanted at 350 

°C and 600 °C.  
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1. INTRODUCTION 

The Pebble Bed Modular Reactor (PBMR) is a type of Very High Temperature Gas Cooled 

Reactor (VHTGR), which uses fuel in the form of tristructural isotropic (TRISO)-coated particles 

[1][2]. This particle is composed of a fuel kernel (UO2), a low-density carbon buffer layer, an inner 

pyrolytic carbon (IPyC) layer, a silicon carbide (SiC) layer, and  the outer pyrolytic carbon (OPyC) 

layer [3][4]. The success of the PBMR is highly dependent on the performance of the TRISO 

particles and the quality of its components [4]. The function of these layers is to retain the 

radioactive fission products within the fuel particles under normal operation and even under 

accident conditions [5] [6]. Based on the outstanding properties of silicon carbide as reported in 

[7], the SiC layer is considered to be the most important structure in the TRISO fuel particles [8]. 

It must also be able to withstand high temperatures. The outlet temperature of some of the 

VHTGRs is about 900°C [2]. Moreover, the temperature inside the TRISO fuel particles is higher 

than the outlet temperature [5]. 

Selenium (Se) is a non-metallic element, which have many radioactive and stable isotopes. Se The 

radioactive isotope, 79Se, is present in the nuclear fission products of uranium [9]. The radiological 

hazard of selenium comes from the emitted beta particle during its radioactive decay, which is 

associated with an increased likelihood of cancer [9]. To the best of our knowledge, not much has 

been done on the migration of Se in SiC. Only the migration of Se implanted into polycrystalline 

SiC has been investigated at temperatures ≥ 1000 oC [10]. To get more insight in the migration of 

this fission product, the effect of radiation damage in the migration of Se need to be investigated. 

The purpose of this study is to investigate the effect of heat treatment at temperatures ≥1000 oC 

on the migration behaviour of Selenium (Se) implanted into polycrystalline SiC at 350 and 600 

°C. The findings of this study are compared with our recently published results of Se implanted 

into polycrystalline SiC at RT to obtain the more insight in the influence of radiation damage in 

the migration of Se in SiC. 

 

 

2. EXPERIMENTAL PROCEDURE  

Polycrystalline SiC wafers from Valley Design Corporation were used in this investigation. The 

as received SiC consisted of mainly columnar crystallites aligned along the growth direction with 
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diameters of a few micrometers [11]. Some smaller crystals not parallel to the columns were also 

present. These wafers were composed of mainly 3C-SiC with some traces of 6H-SiC.  

 80Se ions with an energy of 200 keV were implanted into SiC to a fluence of 1×1016 cm-2. The 

flux was kept below 1013 cm-2s-1 to minimize radiation induced heating. Implantations were 

performed at room temperature, 350 °C and 600 °C under vacuum.  Si or C atoms sputtering does 

not occur in the used implantation conditions. The implantation was performed at the Friedrich-

Schiller-University Jena, Germany. Some of the implanted samples were isochronal annealed in 

vacuum using a computer controlled Webb 77 graphite furnace at temperatures ranging from 1000 

to 1500°C in steps of 100°C for 10 hours. The distribution of the implanted Se were monitored 

after each annealing step using Rutherford backscattering spectroscopy (RBS) with a collimated 

beam of He+ particles of 1.6 MeV, the silicon (Si) surface barrier detector at a scattering angle of 

165˚ was used to detect the backscattered particles. 

The beam current was approximately 15 nA and 24 C was collected per measurement. The RBS 

spectra in energy in channel number were converted into depth in nm using ZBL stopping powers 

[12], and density of pristine SiC (3.21 g cm-3). The Se depth profiles were fitted to a Gaussian 

function to extract the projected ranges (Rp) and range stragglings (ΔRp) [13]. The morphologies 

of the surfaces before and after annealing were investigated by a Zeiss Ultra 55 field emission gun 

scanning electron microscopy (FEG-SEM) with an in-lens detector. An accelerating voltage of 2 

kV was used. The microstructural changes in SiC due to the implantation and annealing were 

monitored by using a Jobin Yvon, Horiba(C) TX64000 triple Raman spectrometer. The 

investigations were performed in the visible region with a 514.5 nm of Ar/Kr laser lines as exciting 

radiation. The spot of ~2µm2 was used to focus the laser beam and collected by a 50X objective 

 

 

3. RESULTS AND DISCUSSION 

In Fig. 1, the RBS depth profiles of samples implanted at room temperature  350 oC and 600 oC, 

the SRIM simulated Se profile and SRIM  simulated dpa (damage in displacement per atom) using 

the full-cascades setting are shown. In the SRIM calculations, we assumed the threshold 

displacement energy of Si and C atoms to be 35 and 20 eV, respectively [14]. The depth profiles 

of as-implanted samples obtained from RBS were fitted to Edgeworth distribution equation to 

extract the first four moments. The agreement between the projected ranges, together with their 
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ranges straggling is within the profile fitting errors for Gaussian distribution and experimental 

error of the RBS measurements – see Table.1. The average of the projected range of 89.5 ± 2.9 nm 

is very comparable to the theoretical value of 89.6 ± 2.9 nm. The results showed that the difference 

of the range straggling between the average of experimental measurements (33 ± 2.9 nm) and 

theoretical value (26.5 ± 2.9 nm) is higher than that of the projected range. This discrepancy in the 

straggling can be attributed to the fact that the radiation enhanced diffusion in implantation process 

and the gurgitation of state density of charge as ions penetrate target are not considered in SRIM 

calculations [15].  Also shown in Table.1 the kurtosis (β) and skewness (γ) values obtained from 

the RBS as implanted samples and SRIM calculation indicate that the profiles are nearly Gaussian 

distribution. 
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Fig. 1. The depth profiles of 200 keV Se implanted into SiC at room temperature, 350 °C  and  600 

°C from RBS, compared to SRIM 2012 simulated Se depth profile with the corresponding 

displacement per atom (dpa) (left scale). 
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Table 1. A comparison of the first four moments of the experimental and SRIM simulated profiles. 

The selenium experimental profiles of RT, 350 °C and 600 °C were fitted to the Edgeworth 

function. 

Parameter SRIM RT 350 oC 600 oC 

Projected ranges (Rp)  (nm) 89.6   87.7 ± 2.9 89.9 ± 2.9 90.8 ± 2.9 

Straggling (ΔRp) (nm) 26.5  29.9 ± 2.9 34.0 ± 2.9 35.3 ± 2.9 

Kurtosis (β) 2.78  2.97 2.95 2.9 

Skewness (γ) 0.13  0.28 0.05 0.3  

 

The radiation damage level in the substrates was evaluated in terms of the displacements per atom 

(dpa). At room temperature, amorphization of SiC occurs in regions with damage levels greater 

than 0.3 dpa [16] [17]. This is corresponding to a depth of approximately 125 nm from the surface. 

This clearly indicates that implantation at RT produced amorphization in about 70% of the 

implanted thickness. Fig. 1 also shows that the maximum damage of 1.3 dpa occurred at a depth 

of about 70 nm, which is considerably lower than the projected range. For the hot implantation 

(350℃ and 600℃), the complete amorphization cannot be achieved. This is because the 

implantation temperature was above the critical amorphization temperature of SiC [5].   

The RBS depth profiles before and after isochronal annealing at temperatures ranging from 1000 

to 1500 °C in steps of 100 °C for 10 hours are shown in Fig. 2. In all implanted samples shown in 

Fig. 2, no change was observed in the peak position of the Se profile after annealing from 1000 up 

to 1200 °C. This indicates the lack of measurable shift at these temperatures. A peak shift towards 

the surface began after the annealing at 1300 ° C and progressed with annealing at higher annealing 

temperatures as can be seen in Fig. 3, suggesting that SiC had been removed by thermal etching. 

The molecules on high-energy surfaces sublimated into the vacuum, resulting in a reduction in the 

total energy of the system, thereby leading to roughening the sample surface [18]. Evidence of the 

thermal etching was confirmed by SEM measurements discussed later in the paper.  The annealing 

at 1500 °C caused the decomposition of silicon carbide for the sample implanted at room 

temperature. This is clearly shown by the formation of a carbon layer at the sample’s surface - see 

Fig.4.   
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The retention ratio of selenium during heat treatment is depicted in Fig. 5.  A loss of some of the 

Se from all the implanted samples was observed after annealing at 1300 oC (about 10 %).  This 

loss became more significant with increasing temperature in the case of the sample implanted at 

RT, while no further loss is noticeable for those implanted at 350 °C and 600 °C. This behaviour 

is correlated with pores on the sample surface at high annealing temperature, as will be discussed 

later in SEM measurements - appreciable at the RT implanted sample - which acts as pathways for 

the release of the implanted Se atoms into the vacuum upon arrival to the surface, because its 

boiling point (685°C) is significantly less than the annealing temperatures. It is also due to the 

profile shift toward the surface at these temperatures.  
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Fig.2. Depth profiles of selenium implanted in 3C–SiC at (a) room temperature, (b) 350 °C and 

(c) 600 °C after sequential isochronal annealing from 1000 to 1500 °C for 10 hours. 

The broadening of the implanted Se profile in SiC was quantified by the full width at half 

maximum (FWHM) of the peaks. The FWHM values were obtained from the range straggling 

(ΔRp) by: FWHM = 2ΔRp√2ln2  after fitting the profiles to a Gaussian function. Fig. 6 shows 

the square of FWHM values as a function of annealing temperature. No broadening occurred in 

the hot implanted samples (350 °C   and 600 °C) after heat treatment in the temperature range 1000 

to 1500 °C. For the sample implanted at room temperature, the FWHM of the Se profile remained 

nearly constant after annealing from 1000 up to 1200 °C. The width broadening became noticeable 

after annealing at 1300 °C. However, the increase in the FWHM is within the experimental error 

of the RBS depth scale. The peak has broadened significantly after annealing at 1400 °C and 

1500°C. There are two possible reasons for this broadening, namely the diffusion of Selenium and 

the effects due to the increase of surface roughness (discussed in the SEM results).  
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Fig.3. The peak position of implanted Se profile as a function of annealing temperature. 



8 
 

 
 

300 400 500 600 700 800 900 1000 1100 1200 1300 1400

0

500

1000

1500

2000

2500

3000

3500

 as-implanted

 1000
 o
C

 1100
 o
C

 1200
 o
C

 1300
 o
C

 1400
 o
C

 1500
 o
C

Energy (keV)

Y
ie

ld

 

 

Se

Si

C

C layer

 

Fig.4. RBS spectra of selenium implanted in 3C–SiC at room temperature and after isochronal 

annealing from 1000 to 1500 °C for 10 hours. Arrows indicate the surface positions of 

elements.  
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Fig.5. The retained ratio of Se implanted into polycrystalline SiC profiles as a function of 

annealing temperature. 
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Fig.6. The square of the full width at half maximum of implanted Se profiles as a function of 

annealing temperature. 

The effects of implantation and annealing temperature on the surface morphology were 

investigated using Scanning Electron Microscopy (SEM). Fig.7 shows the SEM images of 

polycrystalline SiC surfaces before and after implantation at RT, 350 °C and 600 °C.  

The pristine surface showed some polishing marks because of the mechanical polishing process as 

shown in Fig. 7(a). After implantation at RT, the surface became flat and featureless (Fig. 6(b)). 

This is due to sputtering of the surface atoms induced by bombarding them with energetic particles, 

and the swelling in the amorphous layer [19]. Implantation at 350 °C (near to the critical 

temperature for amorphization) led to reducing the polishing marks, but the grains were still visible 

(Fig. 7(c)), indicating the presence of the crystalline structure. No significant change was observed 

on the surface of the sample implanted at 600 °C compared to that one of the pristine (Fig. 6(d)), 

because the implantation was performed at a temperature well above the critical temperature for 

amorphization.  
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Fig. 7. SEM images of (a) Pristine poly-SiC, and after implantation with Se at (b) RT, (c) 350 °C   

and (d) 600 °C.  

The surface of the RT implanted sample after annealing at 1000 °C was still featureless (not 

shown), it is similar to that in Fig. 7(b). At 1100 °C, crystallites were clearly visible on the surface 

- see Fig. 8(a). As can be seen in Fig. 8(b), the crystals grew in size and became more apparent  

with increasing temperature. Annealing at 1400 °C and 1500 °C led to the formation of large 

crystals with fewer pores - see Fig.8(c).  Fig. 8 also shows that after annealing at 1300 o C, the 

surface became rough and continues to increase at higher annealing temperatures. This may 

confirm the broadening of the RBS depth profile of selenium at these temperatures due to rough 

surfaces of samples. 

(a) (b) 

(c) (d) 
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Fig. 8. SEM images of the RT implanted sample after vacuum annealing at (a) 1100 °C, (b) 1300 

°C, (c) 1400°C and (d) 1500°C for 10 hours. 

Fig. 9(a and b), showed that the grains and their boundaries are clearly visible and the polishing 

marks still remained on the surfaces after annealing at 1100 °C and 1200°C (not shown) for both 

samples implanted at 350 and 600 °C. In the case of the 350 °C implanted sample, annealing at 

1300 °C and above, the grain boundaries became more apparent, as well as the presence of pore 

openings on these boundaries as shown in Fig. 10(a and b). These observations are due to thermal 

etching and uneven grain growth, which occurred during annealing. The low surface bonding 

energies at and near grain boundaries have made their SiC molecules sublimate faster than those 

in the middle of crystal surfaces [18]. 
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Fig. 9. SEM images after vacuum annealing at 1100 °C for samples implanted at (a) 350 °C and 

(b) 600°C for 10 hours. 

In contrast to 350 °C implanted sample, the surface pores are not observed in the sample implanted 

at 600 °C after annealing at 1300 °C-see Fig. 10(c), whereas annealing at 1400 and 1500 °C led to 

the appearance of surface pores, as well as a significant reduction in  the visibility  and  number  

of  polishing marks.   

An inspection of the SEM images shows a decrease in the grain sizes of the implanted samples 

after annealing and with increasing temperature.  The Se ion bombardment introduced many 

defects in the crystalline 3C-SiC.  Some of these defects are line and plane defects.  Stacking faults 

introduce either new SiC poly-types or smaller 6H-SiC crystallites. The implanted Se impurities 

also inhibit crystal growth leading to smaller crystallites with increasing annealing temperature. 

Furthermore, the appearance of pore openings on surfaces of the hot implanted samples at higher 

annealing temperatures as can be seen in Fig. 10. In contrast, these openings cannot be observed 

in the case of the RT implanted sample (see Fig. 8). This might be due to the significant change in 

stress/strain in the hot implanted samples at these temperatures (discussed in the Raman analysis). 

The first-order Raman spectra of the pristine sample and as-implanted at RT, 350 oC and 600 oC 

samples are shown in Fig. 11. The spectrum of the pristine sample displays three features in the 

700-1100 cm-1 range, indicating the characteristic Raman modes of silicon carbide 

[20][21][22].The two peaks at 771 and 797  cm-1 correspond to the transverse optic (TO) mode, 

(a) (b) 
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and the peak at 966.5  cm-1 correspond to longitudinal optic (LO) mode. As can be seen from the 

Fig. 11, implantation at room temperature resulted in the disappearance of the characteristic SiC 

Raman peaks, indicating that the SiC layer is amorphized.  The three dominant features of Raman 

spectra of SiC between 700 and 1100  cm-1 were retained after implanted it at 350 °C and/ or 600 

°C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. SEM images of the 350 °C implanted sample after vacuum annealing at (a) 1300 °C, (b) 

1400 °C,  the 600 °C implanted sample after vacuum annealing at (c) 1300 °C and  (d) 

1400 °C  for 10 hours.. 

Fig. 11 also shows that the Raman intensity of samples implanted at 600 °C is higher compared to 

those of 350 °C, suggesting a lower concentration of defects in the former [21]. 

(a) (b) 
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Fig. 11.  First order Raman spectra of the pristine poly-SiC and after implantation with Se at RT, 

350 °C and 600 °C.  

Annealing of the RT implanted sample at 1000 °C led to the reappearance of the characteristic 

spectrum of SiC with the main peaks (similar to those obtained from the pristine sample) as shown 

in Fig. 12, clearly indicating the recrystallization of SiC. The lower intensity of the peaks compared 

with those of the pristine sample suggests the presence of remaining defects in the recrystallized 

SiC layer. 

The average stress in the samples was calculated using the change in LO Raman mode as discussed 

in [23].  Fig. 13 shows the evolution of residual stress with annealing temperature in SiC substrates.  

Implantation at 350 oC caused a modification in the mechanical properties of the sample with a 

residual tensile stress of 0.86 GPa. This is due to the increase of the chemical bond lengths, relative 

to their lengths in the unstressed crystals [24] [25]. Annealing at 1000 °C showed the similar stress 

level. No change in the residual stress was observed after annealing at 1100 °C.  Annealing at 1200 

°C and 1300 °C reduced the amount of residual tensile stresses to the same level. Further annealing 

after 1400 ° C, the tensile stress began to decrease, reaching its minimum value of 0.75 GPa at 

1500 °C. For the sample implanted at 600 °C, the implantation induced tensile stress of 0.95 GPa 

After annealing in the range between 1000 °C and 1500 °C, approximately the same scenario was 
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repeated, which occurred as in the sample grown at 350 °C. This indicates that the internal stress 

distributions are almost the same. In this study, the residual stress in the as-implanted sample 

cannot be calculated in the case of room temperature.  Because of the disappearance of Raman 

mode due to the amorphization. Whereas, Fig. 13 shows that the residual tensile stress was 0.94 

GPa after annealing at 1000 °C. Annealing at 1100 °C, the tensile stress decreased to 0.39 GPa.  

Annealing at 1200 °C resulted in increased tensile stress again where it became equal to those 

implanted in hot temperatures. Further annealing, no significant change in residual stress occurred 

with increasing temperature. Strange behaviour at 1100 °C can be attributed to the increase in the 

density of stacking faults at this temperature, and thus increasing the structural disorder within 

SiC. Consequently, Raman peak positions are shifted to higher wavenumbers indicating less 

tensile stress [26].  Comparing these results with the Se migration results in SiC discussed earlier 

(especially at 1100 oC), the difference in residual stress level has no role in migration of implanted 

Se. 
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Fig. 12.  First order Raman spectra of the pristine poly-SiC compared with the RT implanted 

sample after vacuum annealing at 1000 °C. 
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Fig. 13.  The residual stress in the poly-SiC samples implanted with Se at RT, 350 °C and 600 °C 

as a function of annealing temperature. 
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4.  CONCLUSION 

The effect of heat treatment on the migration behaviour of Se in polycrystalline SiC was 

investigated. The RBS depth profile obtained from the RT as-implanted sample showed that the 

majority of implanted Se is embedded in the bombardment-induced amorphous layer, and 

broadening of the implanted Se profile began after annealing at 1300°C. No broadening of the 

implanted Se profile has been observed in the samples implanted at hot temperatures (350°C and 

600°C) during annealing up to 1500 °C. Thermal etching occurred after annealing at 1300 ° C and 

increased with annealing temperature, resulting in a shift of the Se profiles toward the surface. In 

all cases, the shift was accompanied by a loss of about 10 % of Se ions after annealing at beginning 

of thermal etching. This loss became more significant with increasing thermal etching in the case 

of the RT implanted sample, while no further loss was noticeable for those implanted at 350 °C 

and 600 °C. SEM results showed that the topography before and after annealing depends on the 

substrate temperature of implantation. Raman results showed that implantation at RT led to an 

amorphization of the near-surface of the SiC layer. The samples implanted above the critical 

amorphization temperature and under the same bombardment conditions as cold implant, retained 

their crystalline structure with some radiation damage. It also showed that annealing temperature 

has a significant effect on the recovery of the crystal structure of SiC, as well as the presence of 

tensile stress inside the substrates. Residual stress plays no role in the migration of implanted Se.    
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