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ABSTRACT 

 

Ion track formation in SiC has never been observed, but this material is well-known for easily achieved 

ionization-induced annealing of defects. Therefore, the aim of this work is to study threshold for ionization-

induced defects annealing in silicon carbide by using Rutherford backscattering spectrometry in channeling 

mode. It was established that 3 MeV O beam can activate ionization-induced defects annealing in SiC, but 

12 MeV O cannot, despite the same values of electronic stopping. This finding we attribute to the velocity 

effect and propose systematic investigations of ionization-induced defects annealing with respect to the 

velocity of the used ion beams. 
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INTRODUCTION 

 

Passage of the high-energy heavy ion through materials causes intense disturbance of the electronic system 

along ion’s trajectory. At MeV energies, collisions between high-energy heavy ion and atomic nuclei are 

very rare, so this type of ion moves through the material along a straight line. Much more often, high-energy 

heavy ion collides with electrons. These collisions do not change direction of the ion much, but its kinetic 

energy is gradually lost in these collisions, and eventually the ion stops at some depth in the material. This 

depth is known as the ion range, while the energy loss via collisions is known as the electronic stopping 

(dEe/dx) [1]. Only near the ion range, where the ion will typically have sub-MeV energy, nuclear collisions 

will become dominant mechanism of ion deceleration (i.e. nuclear stopping, dEn/dx). 

 Material modifications caused by high-energy heavy ion irradiation can be dramatic, because 

density of deposited energy is extremely high, since it equals to the energy loss of the high-energy heavy 

ion. Typical values of electronic stopping are between 1-10 keV/nm (and even beyond 20 keV/nm for ions 

having energies in the range of 100 MeV), so it is not unusual that material melts or even vaporizes within 

very localized volume along the ion trajectory. As a result, after deposited energy dissipates away and 

material cools down, permanent damage remains in the form of extended defects along the ion trajectory, 

known as an ion track [2]. Otherwise, if density of deposited energy is insufficient to achieve transient 

melting, then material remains mostly unaffected (i.e. ion track is not formed) and energy simply dissipates 

away. Thus, density of deposited energy has to exceed certain material-dependent threshold value for an 

ion track to be formed. This threshold for ion track formation can be quite high, especially for 

semiconductors [3]. Materials like silicon and silicon carbide are known to be extremely resistant to ion 

track formation, when ion tracks appear only under very special conditions. In case of crystalline silicon, 

ion tracks have been found only after cluster ion irradiation [4]. Recently, ion tracks in silicon have been 

found after cluster ion irradiation at energies even below 10 MeV [5,6], as a result of synergy between 

electronic and nuclear stopping in this energy range. But, ion tracks have never been found after irradiations 

with monoatomic high-energy heavy ions, even for the highest values of electronic stopping power [3,7], 

and this finding has been attributed to very efficient recrystallization of the material [8]. Silicon carbide 

shows similar behaviour, in a way that no ion tracks have been found, setting the lower boundary for track 

formation threshold at 34 keV/nm [9]. More recently, ion-track like features on SiC surfaces have been 

found after etching treatment [10], which is not entirely unexpected because presence of the surface is 

known to impede recrystallization process [11-13]. 

 



Another effect related to the density of deposited energy is the so-called “velocity effect” [2]. With 

the increase of the ion’s speed, electrons undergoing collisions with high-energy heavy ion are scattered 

into larger volume, thus effectively decreasing the density of deposited energy. Since the electronic 

stopping attains its maximum below 1 MeV/nucleon for ions like oxygen and silicon, testing of the velocity 

effect can be done using ion beams with moderate energies. For example, in one of our previous works we 

have tested velocity effect in a-SiO2 by using 3 MeV and 12 MeV O beams [14]. As a consequence of this 

effect, ion tracks are produced more easily with ion beams at low velocities than at high velocities, and 

respective thresholds are notably different [2]. Velocity effect in semiconductors is difficult to verify 

because ion tracks are very small or even non-existent, but the analysis put forward by G. Szenes [15] 

indicated that absence of velocity effect is related to track-forming mechanism. In insulators, at low ion 

velocities, Coulomb explosion could contribute to ion track formation together with thermal spike, and 

tracks should be large. On the other hand, at high ion velocities, Coulomb explosion mechanism should be 

inactive, and ion tracks should be smaller because only thermal spike mechanism contributes to ion track 

formation [16]. Similarly, Coulomb explosion mechanism is inactive in semiconductors because charge 

neutralisation times are very short, and therefore, only thermal spike is active (both at low and high 

velocities). This interpretation of the velocity effect is one of the major differences between analytical 

thermal spike and inelastic thermal spike models [17]. Therefore, confirming existence (or non-existence) 

of velocity effect in semiconductors should provide strong argument in favour of one of the models. 

Materials containing defects show various behaviour with respect to the ion track formation. In case 

of SrTiO3, for example, defects are making this material more sensitive to ion track formation due to 

stronger electron-phonon coupling and decrease of thermal conductivity [18]. But, in the case of SiC, 

opposite behaviour was found, that defects are removed and crystallinity of material is improved by high-

energy heavy ion irradiation [19-22]. This type of behaviour, known as ionization-induced defect annealing 

(IIDA), has also been found in some other materials. Previously, we have demonstrated that 23 MeV I beam 

can be used efficiently for IIDA in silicon [23]. With moderate value of electronic stopping dEe/dx = 5 

keV/nm, this result opened up the question of threshold value for appearance of this effect in silicon. 

Similarly, in the case of SiC, threshold for IIDA was reported at dEe/dx = 1.5 keV/nm [20]. Since the IIDA 

effect depends on electronic stopping, and exhibits thresholding behaviour (much like the ion track 

formation), it is of interest to verify if the velocity effect can be found within IIDA in semiconductors like 

SiC and Si. In this way, very efficient recrystallization in silicon and silicon carbide, which makes ion tracks 

almost impossible to produce, can be used to study IIAD at these surprisingly low electron stopping powers. 

However, it has to be mentioned that in some materials for which it is known that ion tracks recrystallize 

easily (such as MgO, Al2O3 [12,24] and graphite [8]), IIDA has not been found [13,25]. 

  



EXPERIMENTAL DETAILS 

 

In this work, we used semi-insulating 6H-SiC <0001 single crystal, epi-ready wafers purchased from Pam-

Xiamen. Samples were cut from these wafers into 1×1 cm2 pieces, and their thickness was 330 m. No 

further sample preparation was done before irradiation and analysis. The irradiation with the MeV heavy 

ions was done using 6 MV Tandem Van de Graaff and 1 MV Tandetron accelerators at the Ruđer Bošković 

Institute [26]. Complete list of used ion beams and related ion irradiation parameters is given in the Table 

1. Irradiated areas were 3×2 mm2 in size, and during the exposure, ion beams were scanned using magnetic 

coils to ensure homogeneity of irradiation. To achieve overlap of irradiated areas during sequential 

irradiations, 4-axis goniometer was used for precise positioning of the samples. To avoid possible 

channeling effects, samples were slightly tilted during the irradiation, and direction of the used ion beam 

was always kept off-normal by 4. 

Irradiated samples were investigated by Rutherford backscattering spectrometry in channeling geometry 

(RBS/C) using 1 MeV p beam from 1 MV Tandetron accelerator. This probing beam was collimated by 1 

mm wide apertures separated by 25 cm, and backscattering yield of protons was measured using 300 m 

thick surface barrier detector positioned at 160. The alignment of the samples was accomplished using 6-

axis goniometer by finding the channel on the unirradiated part of each sample [27]. By comparing the 

backscattering yields of protons from the properly oriented sample between both unirradiated and irradiated 

areas, it was possible evaluate amount of disorder in the SiC single crystal sample due to MeV heavy ion 

irradiations [23,27-29]. 

 

Ion beam dEe/dx (keV/nm) dEn/dx (keV/nm) Range (m) 

500 keV I 1.15 2.7 0.133 

2.5 MeV I 2.01 1.51 0.651 

3 MeV O 2.45 0.011 1.91 

12 MeV O 2.39 0.004 5.49 

5 MeV Si 3.9 0.033 2.04 

12 MeV Si 4.77 0.016 3.61 

1 MeV p 0.06 0.00004 10.82 

Table 1. List of ion irradiation parameters used in this work, calculated using the SRIM code [1]. 

 



EXPERIMENTAL RESULTS AND DISCUSSION 

 

Ion beams used in this work (Table 1.) cover a range of electronic stopping values close to the previously 

estimated threshold dEe/dx = 1.5 keV/nm for ionization-induced defects annealing (IIDA) in SiC [20]. More 

precisely, oxygen and silicon ion beams that were used in the present work cover range of electronic 

stopping values between dEe/dx = 2.45 - 4.77 keV/nm. The choice of used oxygen beams also enabled us 

to study the so-called „velocity effect“, known to influence ion track formation in various materials, and 

consequently also thresholds for their formation [2]. At present, it is not known how does this effect 

influence IIDA nor does it affect IIDA at all. In this respect, 12 MeV oxygen beam that has twice the speed 

of 3 MeV oxygen beam, should be an ideal tool to address this question. Maximum value of electronic 

stopping of oxygen in SiC occurs for 5 MeV O, therefore 3 MeV O and 12 MeV O have almost exactly the 

same value of electronic stopping, and their only difference lies in the speed they have (here we assume 

nuclear stopping is negligible). Of course, this test is viable only if these oxygen ion beams (or at least one 

of them) activates IIDA. Finally, we have to mention that 500 keV and 2.5 MeV iodine beams were used 

for introduction of different levels of disorder in SiC due to their differing nuclear stopping powers, which 

also had to be considered because disorder levels can also influence threshold for IIDA [20].  

As shown in Fig. 1(a), IIDA can be achieved using 12 MeV Si beam (dEe/dx = 4.77 keV/nm), when 

moderate fluence of 1014 ions/cm2 is applied, which corresponds to 1 ion impact per nm2. Due to the very 

low value of nuclear stopping (dEn/dx = 0.016 keV/nm), this ion beam introduces only very small amount 

of point defects in pristine SiC. Consequently, dechanneling of the probing beam (1 MeV p) is negligible 

when only 12 MeV Si irradiated area is inspected. Therefore, when comparing RBS/C spectra from 2.5 

MeV I irradiated SiC and sequentially irradiated SiC (2.5 MeV I and 12 MeV Si), there is no contribution 

to damage formation from nuclear stopping power of 12 MeV Si beam, and only clear evidence of IIDA 

remains. Similar observation can be made for SiC sample sequentially irradiated by 5 MeV Si beam, shown 

in Fig. 1(b). In this case, to compensate for lower value of electronic stopping (dEe/dx = 3.9 keV/nm), we 

applied three-fold larger ion fluence (3×1014 ions/cm2). Again, a clear signature of IIDA can be seen, 

especially for the Si edge in the RBS/C spectrum. Although, compared to 12 MeV Si irradiation, 

dechanneling due to point defect formation is now noticeable, both due to the larger value of nuclear 

stopping power and larger applied ion fluence. 

 

 



Figure 1. RBS/C spectra of SiC sequentially irradiated by (a) 2.5 MeV I at the fluence of 1014 ions/cm2 and 

12 MeV Si at the fluence of 1014 ions/cm2, (b) 2.5 MeV I at the fluence of 1014 ions/cm2 and 5 MeV Si at 

the fluence of 3×1014 ions/cm2, (c) 2.5 MeV I at the fluence of 1014 ions/cm2 and 3 MeV O at the fluence 

of 5×1014 ions/cm2 and (d) 2.5 MeV I at the fluence of 1014 ions/cm2 and 12 MeV O at the fluence of 5×1014 

ions/cm2. 

 Next, we consider SiC irradiated by both 2.5 MeV I and 3 MeV O, shown in Fig. 1(c). Similar to 

the case of 5 MeV Si irradiation, some dechanneling can be found on the place where only 3 MeV O beam 

was applied, because smaller value of nuclear stopping is compensated by higher ion fluence (5×1014 

ions/cm2). Here we again observe evidence of IIDA, especially close to the Si edge (channels 700-800). 

However, sample irradiated by 12 MeV O to the same fluence 5×1014 ions/cm2, whose RBS/C spectra are 

presented in Fig. 1(d), does not show evidence of IIDA despite having almost exactly the same electronic 

stopping power as 3 MeV O (dEe/dx = 2.36 keV/nm and dEe/dx = 2.45 keV/nm, respectively). This we 

consider as an evidence of the existence of velocity effect in SiC, because 3 MeV O activates IIDA, whereas 

12 MeV O does not. We also notice that dechanneling due to only 12 MeV O beam is negligible due to its 

very small nuclear stopping, hence it doesn't influence evidence of non-existence of IIDA in any way. 



 

Figure 2. RBS/C spectra of SiC sequentially irradiated by (a) 500 keV I at the fluence of 1014 ions/cm2 and 

3 MeV O at the fluence of 5×1014 ions/cm2, (b) 500 keV I at the fluence of 1014 ions/cm2 and 12 MeV O at 

the fluence of 5×1014 ions/cm2, (c) 500 keV I at the fluence of 3×1013 ions/cm2 and 3 MeV O at the fluence 

of 5×1014 ions/cm2 and (d) 500 keV I at the fluence of 3×1013 ions/cm2 and 12 MeV O at the fluence of 

5×1014 ions/cm2. 

In the second part of the experiment, we investigated how different levels of pre-damage influence 

IIDA. For this, we used lower energy iodine ion beam (500 keV instead of 2.5 MeV) and also applied 

different iodine ion fluences (3×1013 and 1014 ions/cm2). RBS/C spectra presented in Figs. 2(a-b) show once 

more that IIDA effect is active for 3 MeV O, but inactive for 12 MeV O beam. This again proves that IIDA 

effect depends on the velocity of the oxygen ions. Finally, spectra from the samples with the lowest amount 

of pre-damage are shown in Figs. 2(c-d). Here, it appears IIDA is already influenced by the defect 

production due to nuclear stopping of oxygen beams. Although the nuclear stopping of the oxygen beam is 

very small, the applied ion fluence (5×1014 ions/cm2) is two orders of magnitude greater than fluence of 

500 keV I (3×1013 ions/cm2). As a result, any IIDA effect which would yield increase of crystallinity of 



SiC, is counterbalanced by small (yet finite) generation of defects due to the nuclear stopping of the oxygen 

ions.  

 

Figure 3. Damage depth profiles obtained from spectra shown in Figs.1(a-c): SiC irradiated by 2.5 MeV I 

up to 1014 ions/cm2 (black line), sequentially irradiated SiC by 2.5 MeV I and 12 MeV Si up to 1014 ions/cm2 

(red line), sequentially irradiated SiC by 2.5 MeV I and 5 MeV Si up to 3×1014 ions/cm2 (blue line), and 

sequentially irradiated SiC by 2.5 MeV I and 3 MeV O up to 5×1014 ions/cm2 (purple line). 

As shown in Fig. 3, depth profiles of the disorder obtained from the silicon edge in RBS/C spectra 

by two-beam approximation [30] illustrate previous point well. It appears that 5 MeV Si beam (dEe/dx = 

3.9 keV/nm) is more efficient in terms of IIDA than 12 MeV Si beam (dEe/dx = 4.7 keV/nm). While 12 

MeV Si ions have 55% greater speed than 5 MeV Si beam, and ion velocity effect can be the cause of 

smaller IIDA in this case, increased dechanneling due to defects produced by nuclear stopping can also 

contribute to this observation. Here we also notice that 3 MeV O beam, which is above the threshold for 

IIDA, is less effective at greater depths. This we attribute to decrease of electronic stopping from dEe/dx = 

2.45 keV/nm at the SiC surface, down to dEe/dx = 2.15 keV/nm at depth of 500 nm. 

Above considerations illustrate well difficulties one could encounter when investigating IIDA close 

to its threshold, when large fluences have to be applied, due to the very small region around ion trajectory 

where IIDA takes place. Also, it suggests other, more energetic beams would be better suited for 

investigating effect of ion velocity on IIDA in SiC. A good choice would be 12 MeV Si and 36 MeV Si 

beams with identical electron stopping (dEe/dx = 4.8 keV/nm), due to the fact that electronic stopping 

maximum occurs for 20 MeV Si (dEe/dx = 5 keV/nm). Proposed ion beams have very small nuclear 

stopping, yet electronic stopping is sufficiently large so that IIDA can be found when applying moderate 

fluences. As a final goal, probing how the ion velocity influences IIDA by using other ion beams with even 

higher values of electronic stopping, would enable more thorough and quantitative investigation of this 



effect. Ion beams such as 100/350 MeV Kr and 225/900 MeV Xe would be an excellent choice. 

Furthermore, studying how IIDA evolves with the applied ion fluences can provide quantitative results 

about the size of the region where IIDA is active [20], needed for numerical modelling. 

 

CONCLUSION 

 

In this work, we have shown that 3 MeV O beam, with electronic stopping dEe/dx = 2.45 keV/nm, is capable 

of annealing defects in silicon carbide via electronic excitations. On the other hand, 12 MeV O beam, with 

almost the same electronic stopping dEe/dx = 2.36 keV/nm, is unable to do the same. This finding we assign 

to the velocity effect, which is known to affect ion track formation in insulators, but its existence in 

semiconductors has been questioned. Since semiconductor materials are very resistant to ion track 

formation, with SiC and Si as prominent examples of materials where ion tracks practically cannot be 

produced, here we have demonstrated how ionisation-induced defect annealing (IIDA) can offer an 

alternative route for investigating velocity effect in semiconductors. Additionally, effects of nuclear 

stopping have to be considered for investigation of IIDA close to the threshold, when large ion fluences are 

needed, and defect production due to nuclear stopping can have impact of similar magnitude as IIDA. 
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