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A B S T R A C T   

Single crystals of 6H-SiC wafers were sequentially co-implanted with 360 keV Cs and I ions to a fluence of 
1 × 1016 cm−2 at room temperature. The Monte Carlo simulation code, Stopping and Range of Ions in Matter 
(SRIM) was used to simulate the implanted ions in SiC. The SRIM simulation showed that in the co-implanted 6H- 
SiC, the initial implantation of Cs ions at a dose of 36 displacements per atom (dpa) highly amorphized the SiC 
structure producing a shallow amorphous SiC (a-SiC) layer of about 200 nm, and the subsequent implantation of I 
ions at a dose of 35 dpa caused more amorphization, especially to partially distorted/disordered parts of the a-SiC 
layer. This was confirmed by Raman spectroscopy and imaging analysis which also revealed that ion implantation 
induced the appearance of several new SieSi and CeC homonuclear and SieC heteronuclear bonds in the a-SiC 
network. The homonuclear bonds play a vital role in amorphization which proceeds through the accumulation of 
Frenkel pairs and antisite defects. The line-shapes of the Raman signals recorded for a-SiC layer resembles that of 
amorphous SiC, in the spectral region characteristic of homonuclear bonds in particular.   

1. Introduction 

Modern high-temperature nuclear reactors mostly use a triple- 
coated isotropic (TRISO) fuel particle-containing SiC layer which is 
designed to act as the main diffusion barrier layer for radioactive fission 
products, thus restricting these fission products from escaping the fuel 
particle under normal operation or accidents, making nuclear reactors 
inherently safe. In addition to the SiC layer of the TRISO fuel particle, 
the kernel is coated by other individual layers of pyrolytic carbon that 
have other functions, and all these layers are manufactured by chemical 
vapour deposition. The interest in SiC as a material for applications in 
nuclear power reactors arises from its ability to retain most of its 
properties at high temperatures [1]. Silicon carbide has low critical 
temperature for amorphization (e.g. for neutron irradiation Tc = 150 °C  
[2,3]), a great hardness (~9.3 Moh [1]), high corrosion resistance and 
relatively high thermal conductivity. Other than in TRISO fuel particle, 
SiC has many application possibilities due to its wide bandgap, for in
stance, it can be used in high-temperature ultraviolet sensors, radiation 
detectors and power electronics [4]. 

For TRISO fuel particle, some of the most important fission products 
which if leaked out would cause radiological danger are 88Kr, 90Sr, 110mAg,  
131Cs and 137Cs, 134I and 133Xe [1,5], however, these are retained quite 
effectively by SiC layer up to temperatures of 1000 °C. There is a large 

number of systematic studies on the diffusion of these fission products in 
ion-implanted/irradiated 3C-SiC, 4H-SiC and 6H-SiC at temperatures 
above 1000 °C, including the evaluation of the structural response of the 
silicon carbides to the radiation damage and annealing [1]. Most of these 
studies used ion beam analysis techniques, i.e. Rutherford backscattering 
spectrometry (RBS) ion-channeling [6–17] and elastic recoil detection 
analysis (ERDA) [15,18], including transmission/scanning electron mi
croscopy [16,17,19–26]. The optical vibration spectroscopies due to their 
ability to distinguish features of the crystalline-to-amorphous (c-a) tran
sition in silicon carbides have also received attention [27–32], especially, 
Raman spectroscopy which provides details on the chemical reordering/ 
disordering of ion bombardment-induced damage in SiC [33–36]. 

Previous studies have reported the Raman spectroscopy analyses of the 
ion bombardment-induced amorphous layer in SiC and observed that ion 
bombardment leads to the disappearance of the Raman signal intensities of 
the first-order bands of SiC and the appearance of new bands  
[18,28,33–38]. Most of these studies show the Raman signals which dis
play only the Si–Si band at ~500 cm−1 in the spectral region characteristic 
of Si–Si bonds (~170–600 cm−1), particularly, for ion bombardment-in
duced amorphous layer in SiC (see Ref. [8,9,16,18,28,33,37–39]). How
ever, Sorieul et al. reported an extra SieSi band at 200 cm−1 for the ion 
bombardment-induced amorphous layer in 6H-SiC at room temperature  
[36]. Nonetheless, the Raman signals recorded in these studies for 
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amorphous SiC (a-SiC) layer have different line-shapes compared to the 
typical Raman spectrum of amorphous SiC [40], in the spectral region 
characteristic of SieSi bonds in particular. On the contrary, our study 
reports the Raman signal of the a-SiC layer (induced in 6H-SiC by Cs and I 
ions co-implantation at room temperature) which resembles that of 
amorphous SiC [40], and displays three broad Si–Si bands at 186, 266 and 
480 cm−1 (characteristic frequencies of amorphous Si). This includes 
several new broad bands observed in the frequency regions of SieC and 
CeC bonds. 

2. Experimental 

Single crystals of 6H-SiC wafers from Intrinsic Semiconductors® were 
sequentially co-implanted with 360 keV Cs and I ions to a fluence of 
1 × 1016 cm−2 at room temperature. During implantation, the beam was 
raster scanned to achieve uniformity. To minimize the channelling effects, 
the normal to the crystal surface was tilted by 7° with respect to the pri
mary ion beam. SRIM-2013 (Detailed Calculation with full Damage 
Cascades) was used to simulate the implanted Cs and I ions in silicon 
carbide. SRIM was carried out using C and Si threshold displacement en
ergies of 20 and 35 eV respectively [41], the lattice binding energies of zero  
[42], and SiC density of 3.21 × 103 kg m−3. The WITec alpha300 confocal 
Raman microscope and Project FIVE software were used for analyses. The 
532 nm excitation laser set to 5 mW before the objective, and the 100× air 
objective with a numerical aperture of 0.9 which gives a diffraction-limited 
lateral resolution of ~360 nm (the spectral resolution is ~1 cm−1) were 
used. The spectra were measured in the wide frequency range 
(0–3750 cm−1). The confocal depth resolution was obtained as 0.7 μm by 
scanning the surface of the virgin 6H-SiC sample towards the focus of the 
laser beam. In a confocal Raman microscope, the focused illumination and 
spatially filtered detection allow only light from the focal plane to reach the 
detector, hence allowing optical sectioning (depth profiling) in transparent 
samples. Therefore, the cross-sectional depth profile imaging of the ion- 
implanted samples was obtained. The z-scan depth profile images were 
acquired over a width and depth of 6 µm (normalized to the thickness of 
the ion-implanted layer) with 100 points per line and 100 lines per image, 
and an integration time of 2 s. The average single Raman spectra were 
acquired over 15 s and 10 accumulations. No background subtraction or 
smoothing was applied to the Raman data. 

3. Results and discussion 

Fig. 1 displays SRIM results of 360 keV Cs and I ions implanted into 
SiC. As illustrated in Fig. 1(a), the I ions were implanted into Cs im
planted SiC, although, the SRIM simulation was carried out for I ions 
implanted in SiC. Fig. 1(b) and (c) display the trajectories of 360 keV Cs 
and I ions in SiC, respectively. The subcascades generated by recoils in 
SiC are displayed in Fig. 1(d) and (e) for Cs and I ions, respectively. Cs 
and I ions distributions in SiC display the projected mean range, Rp of 
105.5 and 99.9 nm, respectively. The observed discrepancy in the Rp 

values of Cs and I ions is as a result of their different ion masses since an 
approximate measure of the projected range is given by [43] 

+
R R

M M1 ( /3 )p
2 1 (1) 

where the range, R, is the total distance that the projectile travels in 
coming to rest. M1 and M2 are the masses of the incident ion and the 
target atom, respectively. 

To assess damage produced by ions in SiC the SRIM vacancies 
produced by Cs and I ions were converted into displacements per atom 
(dpa), as shown in Fig. 1(f), using the following expression [43]: 
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where φ (ions/cm2) is the ion fluence, Na is the atomic density 
(Na = 9.64 × 1022 atoms/cm3). 

In the ion-implanted SiC layer, the maximum nuclear energy loss 
values are 1.652 and 1.597 keV/nm which correspond to approximately 
36 and 35 dpa of Cs and I ions, respectively. These dpa values are higher 
than the threshold value (0.28 dpa) required for the amorphization of SiC  
[36]. Also, the total dpa (i.e. the sum of dpa values of Cs and I ions) for a 
co-implanted sample is much higher. Therefore, in the co-implanted 
sample, the initial implantation of Cs ions highly amorphized the SiC 
structure producing a shallow a-SiC layer, and the subsequent implanta
tion of I ions caused more amorphization in the a-SiC layer. During ion 
implantation, as the number of incident ions increases the ion trajectories 
overlap causing the overlap of damage cascades which yield coalescence 
of small clusters forming amorphous domains. The further coalescence of 
the clusters with amorphous domains forms large amorphous regions/ 
layer. Molecular dynamics simulations have shown that these amorphous 
domains consist of Frenkel pairs and antisite defects which suggest that 
the driving force for c-a transition in SiC is the accumulation of Frenkel 
pairs and antisite defects [44]. In Fig. 1(f), the dpa values decrease to the 
amorphization threshold value (0.28 dpa) at the depth of about 200 nm 
suggesting that the amorphous layer is ~200 nm thick. 

Moreover, the Raman spectroscopy and imaging depth profiles were 
used to probe chemical disorder in the a-SiC layer. As seen from SRIM 
simulation results the a-SiC layer has a thickness of approximately 200 nm, 
therefore, for Raman to probe such a thin layer the excitation laser wa
velength with much shorter optical penetration depth is required. The 
Raman signal for many absorbing materials originates from a sample vo
lume defined by the excitation laser wavelength and the beam diameter. 
The scattered light intensity, Is, integrated over a depth d, is [45,46] 

= =I I D e dx I D e
2
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and from the depth d to infinity is expressed as 
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where I0, D, and α are the incident light intensity, scattering cross-section, 
and photoabsorption coefficient, respectively. Assuming that the pene
tration depth, dp, arises from the depth that satisfies the relationship Id/ 
(Is + Id) = 0.1, dp is expressed as [45,46] 

= =d ln0.1
2

2.3
2p (5)  

From equation (5), the penetration depth of single-crystal SiC 
(dp = 9.3 × 105 nm) and amorphous SiC (dp = 46 nm) were estimated 
for a 532 nm laser using the absorption coefficient data of the single 
crystal and amorphous SiC for different laser wavelengths reported in 
Ref. [47]. The shorter optical penetration depth at 532 nm in amor
phous SiC will allow Raman probing of the a-SiC layer induced in 6H- 
SiC by ion-implantation. Also, for improved accuracy, the signal con
tributions of the crystalline SiC bulk in the Raman spectra of the a-SiC 
layer will be subtracted using the “true component analysis demixing of 
spectra” (data processing tool of a WITec Project FIVE software). 

The characteristic Raman spectrum of 6H-SiC is presented in Fig. 2. 
From this figure, the observed Raman-active modes with A1 and E2 

symmetries are identifiable from the previous studies [36,48–50].  
Fig. 2(a) and (b) display the first-order Raman bands (*strong modes) 
and the second-order bands of 6H-SiC, respectively. The high-quality 
SiC allows the observation of weaker peaks of the second-order Raman 
bands [36]. The three-strong modes are observed at 767, 789 and 
967 cm−1 and are primarily longitudinal (LO) or transverse (TO) op
tical modes and the weak modes are largely axial or planar. The second- 
order Raman peaks are 151 and 263 cm−1 E2 planar or transverse 
acoustic (TA) modes and 503 cm−1 A1 axial or longitudinal acoustic 
(LA) mode. The 1090–1220 cm−1 weak modes are in the range of sp3- 
bonded carbon, and that at ~1380 cm−1 is attributed to sp2-bonded 
carbon [40,51]. The peaks in the range 1524–1709 cm−1 are assigned 
to the optical branch of the second-order Raman spectrum. Typically, 
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Fig. 1. (a) Schematic illustration of the Cs and I ions co-implanted 6H-SiC. SRIM calculations of co-implanted 360 keV Cs and I ions in 6H-SiC: (b) Cs and (c) I ions 
trajectories in SiC. (d) and (e) The subcascades generated by recoiling lattice atoms along the Cs and I ions trajectories, respectively, in SiC. (f) Target-atom vacancies 
distributions and the corresponding displacements per atom. 
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the second-order Raman spectrum reflects the whole Brillouin zone, 
and the one-phonon Raman spectrum reflects phonons at the Γ point of 
the Brillouin zone [52,53]. 

To distinguish the SiC structure of the shallow layer and the bulk of 
the ion-implanted 6H-SiC, the true component data processing of the 
acquired spectral data set of the Raman imaging depth profiles of the 
samples was carried out to obtain the intensity distribution images 
(Fig. 4(a) and (b)) and the corresponding average component spectra 
(Fig. 4(c)). As part of the true component data analysis, the demixing of 
spectra was carried out to subtract the contributions of the crystalline 
SiC bulk from the average Raman spectrum of the a-SiC layer, as shown 
in Fig. 3(a) 

and the standard spectrum used was obtained from the virgin 6H- 
SiC sample. Consequently, approximately 1.5% of the intensity of the 
first-order bands of the crystalline SiC bulk was subtracted from the 
average signal of the a-SiC layer. In Fig. 3(b), the Raman spectrum from 
the surface (z-scan depth of 0 μm) of the a-SiC layer does not show the 
signal contributions of the SiC bulk and is similar to the average Raman 
spectrum of the amorphous layer after demixing which suggests that 
the Raman spectra of the a-SiC layer with the bulk contributions were 
acquired at deeper z-scan depth (> 0.1 μm), as expected. In Fig. 4(a–c), 
the true component analysis (plus demixing of spectra) displays two 
distinct parts of the ion-implanted samples, i.e. ~200 nm thick a-SiC 
layer and the crystalline 6H-SiC bulk which show typical Raman spectra 

of the amorphous SiC (red graphs) [40] and crystalline 6H-SiC (blue 
graph), respectively. 

Moreover, in Fig. 4(c), the two Raman spectra of the a-SiC layer are 
similar which confirm that the initial implantation of Cs ions highly 
amorphized the crystal structure of the a-SiC layer and the subsequent 
implantation of I ions caused more structural amorphization as sug
gested by higher intensity Raman signal of the co-implanted sample. In 
contrast to the Raman spectrum of the crystalline 6H-SiC bulk, the 
Raman spectra of the a-SiC layer display additional features associated 
with amorphous SieSi (~170–600 cm−1), SieC (~650–1000 cm−1), 
and CeC (~1100–1650 cm−1) bonds. Previous studies have proposed 
that the structure of a-SiC is made of CeC bonds (mixed sp2/sp3) mainly 
dispersed in the tetrahedral networks of SieC and SieSi [54–57]. It is 
worth noting that the CeC bonds of the a-SiC layer display high-in
tensity peaks relative to the heteropolar bonds but despite the high 
intensity, the relative amount of these homonuclear bonds is about a 
few percent [54]. The high-intensity signal of the CeC bonds could be 
due to the high bonds’ polarizability of CeC which is greater than the 
SieC bond polarizability [54]. Gorman et al. have observed a similar 
relative intensity of the CeC homonuclear and SieC heteropolar bonds 
in carbon deficient amorphous SiC sample [40]. Nonetheless, the 
homonuclear ratio can be calculated from the Raman signal, however, 
such calculation would require the laser excitation cross-sections of 
both homonuclear and heteronuclear bonds in the sample which are 

Fig. 2. Raman spectrum of the virgin 6H-SiC: The first-order peaks (*strong modes) and (b) the second-order peaks.  

Fig. 3. The demixing of spectra (True component analysis): (a) The Raman spectrum of the virgin 6H-SiC and the average Raman spectrum of the a-SiC layer with and 
without demixing of spectra. (b) The Raman spectrum from the surface of the a-SiC layer and the average Raman spectrum of the amorphous layer after demixing in (a). 
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unknown or either a reference sample with a well-known content of 
these two different bonds. Fig. 4(d) shows the confocal Raman spectra 
of the co-implanted sample at various z-scan depths. From this figure, 
the Raman spectra for the shallow z-scan depth of 0, 0.10 and 0.15 μm 
(red graphs) show typical Raman spectra of the amorphous SiC and that 
for the deeper z-scan depth of 0.5, 1.0 and 2.0 μm (blue graphs) display 
typical spectra of crystalline 6H-SiC. The interface spectra at the z-scan 
depth of 0.2 and 0.25 μm (grey graphs) show mixed features of amor
phous/distorted and crystalline silicon carbide. 

The three frequency regions of the Raman spectra of a-SiC were de
convoluted using the combination of Gaussian and Lorentzian functions 
and the positions of the peaks compared with previous studies  
[36,48,49,53,58,59], as shown in Fig. 5. Typically, the second-order 
Raman spectrum of crystalline 6H-SiC displays weak and narrow 
263 cm−1 E2(TA) and 503 cm−1 A1(LA) optical modes (see Fig. 2), which 
in a-SiC layer shift to new frequencies (i.e. from 263 to 266 cm−1 and 
from 503 to 480 cm−1) and have shape characteristic of the pronounced 
broad peaks (fitting peaks in Fig. 5(a)) of amorphous Si [60,61]. In this 
case, the Raman selection rules and wavevector conservation are no 
longer valid due to the crystal amorphization, therefore, all phonons are 
optically allowed and the Raman spectrum resembles the phonon density 
of states [59,62]. The broadband at 186 cm−1 is also related to Si–Si 
vibrations of amorphous Si [36]. Additionally, the cumulative fit of these 

peaks is similar (R2 = 0.998) to the line-shape of the Raman signal of the 
a-SiC layer in the spectral region characteristic of SieSi bonds which 
resemble that of amorphous SiC [40]. This confirms the presence of 
highly disordered SieSi bonds in the a-SiC network. The accumulation of 
Frenkel pairs and antisite defects which drive c-a transition in SiC leads to 
local residual strain due to the difference in the atomic sizes of Si and C, 
and the chemical preference of homonuclear bonds formation, creating 
significant compressive stress in the SiC lattice [63,64]. It is well known 
that radiation-induced damage causes lattice swelling in SiC [65,66]. This 
could explain the observed bands' shifts of the a-SiC layer as compared to 
the virgin sample. Furthermore, in the frequency region of SieC bonds, 
the strong and narrow 789 cm−1 E2(TO) and 967 cm−1 A1(LO) optical 
modes disappeared and the new low-intensity broad bands appeared at 
670, 766, 849 and 923 cm−1 upon implantation (Fig. 5(b)), which are 
attributed to amorphous SiC. In the spectral region characteristic of CeC 
bonds, the ion-implanted 6H-SiC samples display the broadband at about 
1400 cm−1 characteristic of amorphous sp2 carbon which has a shoulder 
at ~1220 cm−1 associated with sp3 hybridization [51]. This band is a 
mixture of sp2/sp3 coordination in the distorted Si-C network. It has been 
shown through molecular dynamics simulations that CeC homonuclear 
bonds play a vital role in SiC structural amorphization 

before amorphization, the accumulated defects are mainly C Frenkel 
pairs (67%) with 18% Si Frenkel pairs and 15% antisite defects [67]. 

Fig. 4. True component mapping (Raman imaging depth profiles) of (a) Cs ion-implanted and (b) Cs and I ions co-implanted 6H-SiC, and (c) the corresponding 
components average spectra. (d) confocal Raman spectra of the co-implanted sample at various z-scan depths. 
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Also, this simulation study has demonstrated that SiC can be amor
phized exclusively by C displacements at a dose of 0.2 dpa with a de
crease in density of ~15% [67]. The assignment of the Raman peaks of 
the crystalline 6H-SiC and the ion-implanted samples are summarized 
in Tables 1 and 2. 

4. Conclusion 

A detailed investigation (SRIM and Raman analyses) of the chemical 
disorder of a-SiC layer induced in 6H-SiC by Cs and I ions co-im
plantation have been presented. It was found that in the co-implanta
tion of the single crystals of 6H-SiC wafers at room temperature, the 
initial implantation of cesium at a dose of 36 dpa highly amorphized the 
SiC structure producing a 200 nm a-SiC layer, and the subsequent im
plantation of iodine at approximately the same dose caused more 
amorphization in the a-SiC layer, especially to partially distorted/dis
ordered regions of the layer. Nevertheless, the Cs and I dose of about 36 
dpa (at room temperature) used in this study is higher than the 
minimum value (0.28 dpa) required for amorphization of SiC at low 
temperatures [1,68]. It was also found that ion implantation induced 

not only amorphization of the SiC structure but also the appearance of 
several new SieSi and CeC homonuclear and SieC heteronuclear bonds 
in the a-SiC network in agreement with similar previous studies. The 
homonuclear bonds play a vital role in SiC amorphization. It has been 
shown that before amorphization, the accumulated defects are 67% C 
Frenkel pairs 18% Si Frenkel pairs and 15% antisite defects 

and C displacements at 0.2 dpa highly amorphized SiC [67]. Con
sequently, SiC amorphization proceeds through the accumulation of 
Frenkel pairs and antisite defects. Furthermore, the line-shapes of the 
Raman signals recorded for the a-SiC layer resembles that of amorphous 
SiC [40], especially in the spectral region characteristic of SieSi bonds. 
On the contrary, most of the previous studies which reported the Raman 
signals recorded for ion bombardment-induced amorphous layer in 
crystalline SiC at room temperature show different line-shapes in the 
frequency region of SieC bonds compared to that of amorphous SiC  
[40]. It is worth noting that a 532 nm laser has a shorter optical pe
netration depth of about 46 nm in amorphous SiC which made it pos
sible to probe a thin shallow layer of a-SiC, and for improved accuracy, 
the minor contributions of the crystalline SiC bulk in the signals of the 
a-SiC layer (acquired at deeper z-scan depth) were subtracted using the 

Fig. 5. (a) Deconvoluted average Raman spectra of the a-SiC layer in Fig. 3(c). (b) The deconvoluted frequency region of SieC bonds in (a).  

Table 1 
The bands from Fig. 2 and the deconvoluted average Raman spectra in Fig. 5. The values in the parentheses are the bands' FWHMs. The 
shaded cells show the new bands and the bands with dramatic broadening upon ion implantation in the a-SiC layer.   

*Strong modes.  
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data processing tool of a WITec Project FIVE software. Nevertheless, 
similar Raman signals of the a-SiC layer can be obtained using UV laser 
which has a much shorter optical penetration depth of ~10 nm in a-SiC. 
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