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Abstract 

Ionizing events can lead to panoply of irradiation effects, and in silicon carbide (SiC), 

they drastically modify the defect production rate or the initial density. To better understand 

this phenomenon, 6H-SiC single-crystals were first pre-damaged using low-velocity 100 keV 

Fe+ ions at three fluences in the range of 1014 cm-2 to induce three different initial disorder 

levels peaking at values between ~0.8 and 1 (1 corresponding to full amorphization). Crystals 

were then submitted to swift heavy ion irradiation in the 1013 cm-2 fluence range at both low 

(~70 K) and high (~770 K) temperature. Rutherford backscattering spectrometry in channeling 

conditions revealed that swift ions allow annealing part of the initial damage, the recovery 

efficiency increasing with the irradiation temperature and reaching 75 % in initially severely 

disordered crystals. This temperature effect has been qualitatively predicted by molecular 

dynamics simulations. Transmission electron microscopy allowed imaging both the recovery 

and the difference in the microstructure of the layers irradiated at low or high temperature. 

Recovery cross-sections are found to lie in the range of a few nm2, consistent with previously 

reported values. A scenario for a general, two-step annealing mechanism, referred to as 

ionization-activated, thermally-assisted defect-annealing (IATADA) process is proposed. This 

mechanism rationalizes the diverse descriptions reported so far in the literature.  
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I. Introduction 

Ion/solid interactions applied to materials science represent a vast, active research 

field [1-2] in which some questions remain to be elucidated. One typical example is the actual 

effect of energy deposition on the atomic network of materials. Indeed, energy transfer from 

the energetic particles to the target electrons and/or nuclei can lead to a panoply of responses 

depending on both the projectile characteristics (mainly nature and energy) and the material 

physical properties (which are mostly governed by the electronic structure). Understanding 

the effect of energy transfer would allow both better apprehending microstructural changes 

in irradiated materials and precise tailoring of ion-beam-induced material modifications.  

To address this topic, silicon carbide (SiC) is a ceramic material that is perfectly suited. 

Indeed, it exhibits a subtle behavior with respect to irradiation-induced damage accumulation. 

Indeed, defect creation and annihilation rates intimately depend on the irradiation conditions 

and also on the presence of atomic-arrangement disturbances (see e.g. [3-7]). Beside this 

property that is relevant for fundamental studies of ion/solid interactions, SiC has been 

attracting an increasing interest for technological applications. These latter usually involve 

harsh radiative environments: structural components in fission and fusion reactors [8], devices 

for high-power microelectronic and spintronic applications [9] for which ion (beam) doping is 

required; this later field includes devices for space exploration and in that case, SiC can 

experience catastrophic failure due to the so-called single-event burnout phenomenon arising 

from highly ionizing particle irradiation [10]. Therefore, during its synthesis and/or actual use, 

SiC is, or will be subjected to ion irradiation. Increasing the body of knowledge regarding its 

response to intense energy deposition, as can occur in the above-mentioned instances, 

appears thus as a major issue to tackle.  

 It is recognized that SiC readily undergoes amorphization when irradiated in the 

nuclear energy-loss (Sn) regime (hundreds of keV) for which projectile energy is transferred to 

the target (screened) nuclei. This process is complete at a few tenths of displacement per atom 

(dpa) at room-temperature (RT) [3-5]. Increasing (decreasing) irradiation temperature leads 

to an increase (decrease) in the required dpa level for a total phase transformation, and 

amorphization can even be suppressed above a few hundreds of degrees Celsius [3,4]. In 

contrast, SiC irradiated in the electronic energy-loss (Se) regime (hundreds of MeV), for which 

projectiles first transfer their energy to target electrons (and subsequently to the atomic 

network through electron-phonon coupling), exhibits very little disordering as only production 
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of point defects has been observed [6]. Interestingly, in SiC initially disordered by irradiation 

in the Sn regime, damage recovery has been shown to occur when the material was 

subsequently irradiated in the Se regime. This phenomenon was observed upon swift heavy 

ion (SHI) irradiation in the GeV energy range at RT [11] and has been called SHIBIEC, which 

stands for swift heavy ion-beam-induced epitaxial recrystallization. It has been ascribed to the 

intense electronic energy (hereafter also referred to as ionization process) deposited by SHIs, 

and a thermal spike effect has been invoked to account for this process [5,12]. The recovery 

was found to be dependent on the initial damage state. In fully amorphous (FA) layers, 

recrystallization takes place at the buried amorphous-crystalline (a-c) interface. In partially 

amorphous (PA) samples (i.e. where amorphous regions are surrounded by defective but still 

crystalline regions), the recovery occurs over the entire damaged thickness. This healing 

phenomenon has also been observed in disordered SiC crystals irradiated with (different) ions 

of intermediate energy (in the MeV range) [13], i.e. with a lower Se component (a few keV/nm 

vs ~30 keV/nm). Recovery cross-sections have been determined and, though they depend on 

the initial disorder level, they typically lie in the range of a few nm2 [13-14]. In the above-

mentioned studies, both sequential (Sn+Se, i.e. SHIBIEC) and simultaneous (Sn&Se, referred to 

as the SNEEL effect, which stands for Synergy between Electronic and Nuclear Energy Loss, 

see [15]) irradiation experiments have been performed. In these two cases, a recovery has 

been measured when combining Sn and Se, although the two energy deposition processes are 

uncoupled (in time and space). Very recently, a coupled effect, i.e. with Sn&Se delivered by the 

same ion, on disorder accumulation has been demonstrated with ions in the MeV range [16]: 

the damage creation rate has been found to decrease with increasing the Se/Sn ratio.  

 Although the understanding of the ionization-induced defect recovery phenomenon is 

progressing, some questions remain to be addressed. In particular, the combined effect of 

temperature and electronic energy deposition is a major subject to tackle, because for most 

of its potential or actual applications, SiC is subjected to both irradiation and temperature. 

Furthermore, acquisition of new data should allow for a better description of the recovery 

mechanism. This question has not been addressed so far, except very recently by Hlatshwayo 

et al. who studied the effect of SHI irradiation at 773 K on amorphous SiC [17]. They put 

forward an enhanced annealing effect with respect to a sole thermal annealing at the same 

temperature. 
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 In the present paper, we report a study dedicated to the combined effect of irradiation 

temperature and electronic energy deposition. We first present molecular dynamics (MD) 

data that are supposed to predict effects, on the recovery process efficiency, of the SHI 

irradiation temperature (in the 100-800 K range). These results are then verified and 

complemented by a series of systematic irradiation experiments where both the initial 

disorder level, the SHI fluence and the irradiation temperature are varied. Rutherford 

backscattering spectrometry in channeling mode (RBS/C) was used to monitor the disorder 

level in irradiated crystals, and a transmission electron microscopy (TEM) investigation was 

carried out to characterize their microstructure. A two-step scenario of defect annealing is 

proposed. 

 

II. Molecular dynamics predictions of electronic energy deposition at various temperatures 

 

II.1. Methodology of damage creation and of electronic energy deposition 

The methodology implemented to model the effect of the intense electronic energy 

deposition on the defective SiC lattice is fully described in [12,16]. In the following, we briefly 

provide the major details and above all, the corresponding results. The molecular dynamics 

code PARCAS [18] was used to both create the disordered SiC cells and to simulate the 

electronic energy loss. Si-C interactions were described by the Gao-Weber potential [19]. The 

pre-damaged state was produced by introducing 0.1 % of Frenkel pairs in a pristine MD 

simulation cell. While this defect concentration is low, it is sufficient to provide qualitative 

trends in the subsequent disorder recovery. Introducing a larger defect density would require 

a significantly higher computing time without providing additional crucial information (unless 

a systematic analysis that takes into account the defect features is undertaken). Energy 

deposited into the electronic subsystem leads to highly excited electrons along the ion track 

(i.e. a cylinder), which rapidly (<0.5 ps) distribute their energy through electron–electron 

interactions, and subsequently (~0.5–10 ps) transfer their energy via electron–phonon 

coupling to the atomic subsystem. The most widely used approach to treat these energy 

transfers is the two-temperature model (2T-model), which considers both subsystems as a 

coupled continuous medium [16,20]. To simulate the local heating from the electronic energy 

loss (~33 keV/nm, see sect. III), the radial and temporal distributions of the atomic 

temperature were estimated from the inelastic thermal spike model derived from solutions 
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of the 2T-model [20] (see Fig. 1). Parameters (such as thermal conductivity and electron-

phonon coupling strength) used in this study are given in [16]. It is to be mentioned that, as 

the initial defect concentration was chosen to be low, values for perfect SiC were used. 

Figure 1 markedly shows that the temperature inside the track reaches very high values, larger 

than 4000 K. After 5 ps, a duration corresponding to more than a 100 lattice vibrations in SiC, 

the temperature still exceeds 2000 K within a 2 nm distance of the track core, i.e. a distance 

close to 10 times the first-nearest neighbor average distance. Defect annealing being a 

thermally activated process, it is easily conceivable that such a high temperature can induce 

lattice recovery. This effect is studied hereafter. 

 
Fig.1: Simulations, in the framework of the inelastic thermal-spike model, of the radial and 

temporal distributions of the atomic temperature during 870 MeV Pb ion irradiation in SiC. 

 

II.2. Effect of electronic energy deposition on disorder level 

The structure of the damaged simulation cells was analyzed after ion impacts by a 

structure factor method where defects are defined based on deviation from the bond angles 

in the ideal zinc blende structure of 3C-SiC. Note that ions directly overlapped, meaning that 

exact same location and direction where selected for the ions to hit the simulation cell. This 

solution prevents any direct comparison with an actual ion fluence, but as qualitative results 

were expected from these MD simulations, it has the advantage of being less costly in 

computing time. The evolution of the relative disorder as a function of overlapped ions and 

temperature is presented in Fig. 2a. The macroscopic temperature in different sets of 
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simulations was varied from 100 K to 800 K by preparing the initial cells at those temperatures 

with a short NPT relaxation run before the ion track simulations. The macroscopic 

temperature was also used for the boundary cooling during the ion track simulations and for 

the 120 ps relaxation runs between each track. The initial disorder is necessarily 1.0 for all 

temperatures because we plotted the relative disorder, i.e. the disorder normalized to the 

initial defect level. The disorder markedly decreases with increasing the number of SHI 

impacts, irrespective of the temperature. On the contrary, the higher the temperature, the 

lower is the residual disorder. Computed data were fitted using a double exponential decay 

function (using a single exponential did not allow for a correct data fitting). The reason as to 

why two different active recovery processes are required is unclear. Yet, it can be assumed 

that two main types of defects having lower and larger activation energy, such as point defects 

and small defect clusters, respectively, are being annealed with different rates. No clear 

progression emerged from the variation of the recovery cross-sections with temperature. 

Contrarily, the relative recovery rate (i.e. the normalized decrease in disorder) is doubled (15 

to 30 %) going from 100 K to 800 K. We have also simulated isothermal annealing at 800 K on 

the same time scale as the thermal spikes (i.e., disorder measured every 120 ps) for 

comparison, and the results, showed in Fig. 2b, demonstrate some recovery over the time 

scale of individual thermal spikes. However, the thermal recovery is substantially less than 

that induced by the 870 MeV Pb ions at 800 K. 

From the MD results, it appears that changing the irradiation temperature should 

affect the recovery efficiency, with a more pronounced annealing rate at higher temperature. 

This result seems to be obvious. Nonetheless, it deserves to be discussed. Indeed, as shown 

with the thermal spike calculations, the local increase in temperature due to the intense 

ionization process is tremendous (a few thousand degrees) as compared to the change in 

macroscopic temperature. Therefore, it can be surprising to observe a reduced annealing rate 

at 100 K. Similarly, with increasing temperature, one could think that defect mobility is 

enhanced, and thus, defect recombination is promoted. However, it has been shown that 

during a thermal treatment above 540 K, in the case of weakly damaged SiC (i.e close to that 

of the current initial MD cell), most of interstitial defects cluster and thus become immobile 

[21]. Therefore, increasing the temperature at 800 K could prevent defect annealing (even 

though Si vacancies may become mobile around ~700 K [22]). In fact, defect interactions with 

changing irradiation temperature [2,3] or dose [2,3,5] as well as particle energy deposition 
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[5-7,13,15] are quite complex in SiC and consequently, experimental evidences of the current 

MD predictions should be provided. This is the purpose of the next sections.  

 
Figure 2: Variation of the MD-derived relative disorder in SiC as a function of a) the 

number of overlapped SHIs and for different temperatures (see labels), and b) the number of 

overlapped SHIs and the time for both SHIs and thermal annealing. Lines are fits to 

experimental data using a double exponential decay function. 
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III. Experimental details 

III.1. SiC single crystals and irradiation conditions 

{0001}-oriented 6H-SiC single crystals, provided by MTI Corporation (Richmond, USA), 

were in a first step irradiated with the IRMA ion implanter of the SCALP facility [23], with 100 

keV Fe+ ions at RT to fluences of 1.8x1014, 2.2x1014 and 4x1014 cm-2 (corresponding to ~0.32, 

~0.4 and ~0.71 dpa, as calculated with SRIM [24], see [5] for details). The ion flux was kept 

constant and low (a few 1011 cm-2.s-1) to avoid excessive heating. In addition, as the damage 

accumulation rate depends on the ion flux, keeping this parameter constant was a mandatory 

condition to create three effectively different microstructures (i.e. one for each Fe fluence).  

In a second step, these damaged crystals were irradiated with 0.87 GeV Pb ions at the 

GANIL facility in Caen (France), at both ~100 K and ~770 K, hereafter referred to as low 

temperature (LT) and high temperature (HT), respectively. Temperature was monitored using 

a thermocouple located as close as possible to the samples. Three fluences of SHIs, 7.5x1012, 

2x1013 and 4x1013 cm-2 were used in order to vary the amount of deposited electronic energy. 

For this high ion energy, as determined with SRIM calculations [24], ballistically-induced 

displacement damage is negligible because the nuclear energy-loss is <0.1 keV/nm (with a 

maximum of 2x10-3 dpa), and this latter is much weaker than the electronic energy-loss that 

has a value of 33 keV/nm over a thickness of nearly 20 µm. In both low- and high-energy 

irradiation experiments, crystals were tilted off any major axial or planar direction during 

irradiation to limit channeling effects. Characteristics and labels of the samples are provided 

in Table I. 

Note that experiments have been carried out on 6H-SiC, whereas MD simulations were 

performed on 3C-SiC. However, the simulations were meant to provide some predictive 

trends, not to precisely fit with experiments. In addition, although some differences in defect 

energetics exist between the two polytypes, it has been shown that they both behave 

similarly, at a mesoscopic scale, under low- and high-energy irradiation [5,7,11,14,25]. 
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III.2. Sample characterizations 

Rutherford backscattering spectrometry in channeling condition (RBS/C) was 

performed using a 1.4 MeV He+ ion beam delivered by the ARAMIS accelerator of the SCALP 

platform at CSNSM [23]. Experimental spectra were fitted using the McChasy Monte-Carlo 

code developed at the National Center for Nuclear Research (NCBJ) in Warsaw [26]. In this 

work, the disorder is accounted for by considering that a fraction of atoms, fD, are randomly 

displaced from their regular crystallographic site. Since amorphization in SiC irradiated at RT 

proceeds via the formation of point defects that cluster to form amorphous regions (no 

extended defects such as dislocation loops are formed), this assumption is perfectly 

reasonable.  

High-resolution transmission electron microscopy (TEM) characterizations were also 

carried out on three selected samples using a microscope operated at 200 keV (JEOL 2010F). 

 

IV. RBS/C and TEM characterizations 

IV.1. RBS/C results 

Figures 3-4 (a, b and c) present the Si signal of RBS/C spectra recorded on 6H-SiC single 

crystals pre-damaged with 100 keV Fe+ ions at RT and subsequently irradiated with 0.87 GeV 

Pb ions at LT (Fig. 2) and HT (Fig. 3). The spectrum recorded in the <0001>-axial direction on a 

pristine crystal is also plotted (crosses in Fig. 2a) and it shows a very low backscattering yield 

(as compared to the random one - stars) on the entire analyzed thickness. This finding attests 

the very good quality of the single crystals used for this study. Upon Fe irradiation (black 

symbols in all figures), the backscattering yield in the axial direction increases, around 

750 keV, with increasing the Fe fluence, which means that the crystal is damaged at the 

corresponding depth. At the highest Fe fluence of 4x1014 cm-2, the aligned yield reaches the 

random level, a result that shows that the crystals have been amorphized by Fe irradiation (as 

already observed in [5,7]). The RBS spectra recorded in the <0001>-axial direction after swift 

Pb ion irradiation only (grey circles in Figs. 3a and 4a) indicate that little damage is created by 

swift ion irradiation alone, even at low temperature (see Fig. 3a). The effect of SHI irradiation 

on the pre-damaged crystals (colored symbols) appears as (i) a shrinkage of the fully-

amorphous (FA, see Table I) layer (see Figs. 3a and 4a) or as (ii) a decrease of the 

backscattering yield in the damage region for partially-amorphous (PA, see Table I) layers (Figs. 

3b-c and 4b-c); these effects are more pronounced with increasing the Pb ion fluence. This 
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difference between the two initial disorder levels was previously evidenced [7,14]. In contrast, 

a new result is the effect of the SHI irradiation temperature: the higher the irradiation 

temperature, the more pronounced the recovery process.  

 
Figure 3 

Figure 3: a, b and c) RBS spectra (Si signal) recorded along the <0001> direction for 6H-

SiC single crystals first damaged by 100 keV Fe+ ions at RT at the indicated fluences (black 

squares), and subsequently irradiated with 0.87 GeV Pb ions at -~100 K (LT) at 7.5x1012 cm-2 

(green up triangles), 2x1013 cm-2 (blue circles) and 4x1013 cm-2 (red down triangles). Also 

plotted are spectra recorded in a random direction (stars), and along the <0001> direction for 

a pristine crystal (crosses). Grey circles correspond to a pristine crystal irradiated with 0.87 

GeV Pb ions at 4x1013 cm-2 at LT. Solid lines are fits to experimental data with the McChasy 

code [26]. d, e and f: Damage fraction (fD) as a function of the depth extracted from the fits to 

experimental RBS/C data for 6H-SiC single crystals damaged by 100 keV Fe+ ions at RT at 

indicated fluences (black lines) and subsequently irradiated with 0.87 GeV Pb ions at LT at 

7.5x1012 cm-2 (green lines), 2x1013 cm-2 (blue lines) and 4x1013 cm-2 (red lines). The dashed 

black line corresponds to the pristine crystal, and the grey solid line to the crystal irradiated 

with SHIs at 4x1013 cm-2 at LT (~100 K). 
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Figure 4 

Figure 4: Same captions as for Fig.3, but for 6H-SiC single crystals irradiated with 0.87 

GeV Pb ions at HT (~770 K). 

 

All RBS/C spectra displayed in Figures 3-4 (a, b and c) were fitted (solid lines) by using 

Monte-Carlo simulations performed with the McChasy computer code [26]. Figures 3-4 (d, e 

and f) show the corresponding disorder depth profiles (variation of fD in the Si sublattice as a 

function of the depth) for both LT and HT irradiations, respectively. A rather narrow damage 

peak is exhibited around 30-40 nm for samples pre-damaged with Fe+ ions at 1.8 and 

2.2x1014 cm-2 (black lines), with a maximum disorder level that increases with increasing ion 

fluence. At an Fe fluence of 4x1014 cm-2, fD reaches 1 over a thickness of ~65 nm, indicating 

that the crystal has been amorphized from the surface of the crystal up to this depth. The 

disorder depth profile of SiC irradiated only with SHIs at both low and high temperature is 

rather flat, with a very low disorder level close to that of a pristine crystal (however, 

decreasing the irradiation temperature leads to a slightly higher degree of disorder than at 

high temperature). 
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Figures 3-4 (d, e and f) also show the disorder profiles obtained after irradiation with 

swift Pb ions of pre-damaged samples (colored lines). Consistently with the raw RBS/C data, 

the results show: (i) a shrinkage of the FA layer for amorphized samples (e.g. from ~65 nm to 

~55 nm after irradiation at 4x1013 cm-2 at LT), (ii) a decrease of fD for PA layers with the higher 

the SHI fluence, the larger the recovery, i.e. the lower the final disorder level min
Df  (e.g. from 

0.85 to 0.25 after Fe irradiation at 1.8x1014 cm-2 and Pb irradiation at 4x1013 cm-2 at LT). 

Starting from a same disorder level or amorphous thickness, the increase in SHI irradiation 

temperature (100 to 770 K) leads to a more pronounced annealing effect. A quantitative 

analysis of these data is presented in section V. 

To finish with the RBS/C findings, it is important to mention the results (detailed 

hereafter but not shown for the sake of simplicity) that we obtained for pre-damaged SiC 

crystals that were only thermally treated at ~770 K in order to determine the effect of the 

thermal load on the crystal recovery (independently of the SHI irradiation). Although it has not 

been possible to use the same device as the one present in the irradiation chamber, we tried 

to reproduce at best the conditions that the SHI-irradiated samples experienced, i.e. an 

annealing during 15 h at ~770 K. We also performed an annealing at ~770 K but during 8 h 

only. We measured in both cases a significant crystal recovery, and the disorder at the 

remaining damage peak was found to be very close to that determined after SHI at HT. We 

will comment these results in section V. 

 

IV.2. TEM results 

In order to get a better representation of the microstructure associated with the pre-

damaged and SHI-irradiated crystals, we performed a transmission electron microscopy 

analysis. Images are presented in Fig. 5. For the layer irradiated with Fe ions at 1.8x1014 cm-2 

(PA-2), HRTEM shows (Fig. 5a) that the crystalline disturbances are not uniform along the 

surface normal. A crystalline, disordered region is observed on both parts of a damage peak 

that consists of a nearly completely amorphous region, as evidenced by both the typical 

contrast on the bright-field image and the corresponding Fast Fourier Transform (FFT) that 

shows essentially one central spot surrounded by diffuse scattering. Beneath the damaged 

area, there is a pristine region, as attested by the high resolution TEM image with perfect 

atomic rows parallel to the (0001) planes and by the FFT that reveals multiple, aligned spots. 
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It is worth noting that the disorder profile obtained by RBS/C (red line) matches that of the 

TEM (after adapting the depth-scale to account for the change in the density, see [14] and 

references therein). After SHI irradiation at LT at a fluence of 4x1013 cm-2 (Fig.5b), the layer 

exhibits a similar but less disordered microstructure, with remaining but less dense 

amorphous regions surrounded by crystalline, disordered regions. The FFT exhibits more 

intense spots (along the central line), supporting the conclusion of a higher crystalline quality. 

After SHI at HT (at 4x1013 cm-2), the SiC layer shows a different microstructure (Fig. 5c). 

Although the TEM image is contrasted, it is clearly less blurred, suggesting that very few 

amorphous regions survived; the corresponding FFT readily resembles that of the pristine 

region, although the spots are slightly more diffuse. Therefore, a significant fraction of the 

disorder has been annealed.  
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Figure 5: HRTEM images recorded with {0001} planes perpendicular to the surface for 6H-SiC crystals irradiated with a) Fe ions at 1.8x1014 cm-2, 

b) Fe ions at 1.8x1014 cm-2 and Pb irradiation at 4x1013 cm-2 at ~100 K, c) Fe ions at 1.8x1014 cm-2 and Pb irradiation at 4x1013 cm-2 at ~770 K. Insets 

present the fast Fourier transforms (FFT) of some selected regions. The red line in Fig. 5a corresponds to the disorder profile determined by 

RBS/C, see Fig. 4f. 
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V. Discussion 

V.1. Summary of RBS/C results: assessment of the temperature effect on the recovery 

process 

As shown in the previous sections, the effect of SHI irradiation on the disorder level 

depends on both the initial damage state and the temperature. In order to better highlight 

this statement and to get quantitative information on the recovery process, we plotted the 

variation of the amorphous thickness (tam) for FA layers, and that of the disorder level at the 

damage peak ( max
Df ) for PA layers, as a function of the SHI fluence for both LT and HT.  

We first consider the case of FA irradiated layers. Fig. 6a presents the variation of tam 

as a function of the Pb ion fluence for LT and HT irradiations. A decrease in the amorphous 

thickness is markedly observed for the two temperatures, of approximately 12 % and 30 % for 

LT and HT, respectively. These values show that increasing the SHI irradiation temperature 

enhances the recrystallization at the interface. In a recent study, where polycrystalline pre-

damaged SiC samples were irradiated at 773 K with SHIs (167 MeV Xe at 5x1013 cm-2), authors 

also reported a shrinkage of the amorphous layer [17]. This latter was measured by TEM and 

was found to be between 7 and 13 %, depending on the pre-damaging conditions (360 keV I 

or Kr, respectively). Even taking into account the decrease in density of amorphous SiC with 

respect to crystalline SiC (which would lower the decrease in size of the amorphous layer that 

we measured by RBS/C assuming the density of crystalline SiC), the annealing observed in the 

present work appears to be more important than that determined by Hlatshwayo and 

coworkers [17]. This difference can be due to (i) a non-equivalent initial amorphous state (the 

amorphous structure depends on the irradiation conditions in SiC [27]), (ii) the duration of the 

thermal treatment and (iii) the larger energy deposited by 0.87 GeV Pb ions than by 167 MeV 

Xe ions (33 keV/nm vs 20 keV/nm).  

Now we focus on the two sets of PA layers. In Fig. 6b is plotted the variation of max
Df  

as a function of the Pb ion fluence, for both LT and HT, and for the two initial damage states. 

Increasing the irradiation temperature allows a higher recovery rate, which means that a 

lower disorder level is obtained after 770 K Pb irradiation than after 100 K irradiation. 

Nevertheless, interestingly, the healing does occur even at very low temperature, most likely 

because it is majorly due to the intense electronic energy deposition. This result is in contrast 

with the IBIEC process for which a temperature of a few hundred degrees Celsius is required 
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to promote defect migration initiated by nuclear energy deposition [29], and also with 

dynamic annealing that takes place in SiC for irradiation above ~470 K [2, 30]. 

 
Figure 6a 

Figure 6a:  Variation of the thickness of the amorphous layer (tam) as a function of the swift 

Pb ion fluence for 6H-SiC single crystals damaged by 100 keV Fe+ at RT and subsequently 

irradiated with 0.87 GeV Pb ions at LT (blue squares) or HT (red circles). Lines are drawn for 

visualization purposes.  

 
Figure 6b 

Figure 6b: Variation of fDmax (i.e. fD determined at the damage peak) as a function of the 

swift Pb ion fluence for 6H-SiC single crystals damaged by 100 keV Fe+ at RT and subsequently 

irradiated with 0.87 GeV Pb ions at LT (blue squares) or HT (red circles). Values for FA layers 

(fDmax=1) are also plotted. Lines are drawn for visualization purposes. 
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These experimental results are in agreement with the findings obtained by MD 

simulations shown in Fig. 2a, which predicted a change in the recovery efficiency with varying 

the temperature. This agreement indicates that the methodology of combining MD 

simulations and the thermal spike model is relevant to describe the recovery mechanism, at 

least to capture the qualitative trends of this phenomenon. In this regard, two important 

results can be put forward: (i) ionization-induced annealing takes place at a temperature as 

low as 100 K, and (ii) the irradiation temperature significantly affects the recovery efficiency. 

This second point was already showed in [17], although, as in the current study, it is difficult 

to precisely determine the separate contributions of the thermal load and of the ionization 

process on crystal recovery when the SHI irradiation is performed at HT. These two major 

results lead to two questions. First, why is an annealing effect observed at LT irradiation? 

Indeed, at 100 K, the majority of defects in SiC are immobile and thus highly stable [22,31]. A 

likely explanation is that the tremendous temperature reached in the ion track (see Fig.1) 

allows some of these defects to overcome their migration barrier [22,31] and thus to be 

annealed (or to adopt a new configuration). But this explanation leads to a second question: 

why does a minor variation in the macroscopic temperature, with respect to that reached in 

the ion track (i.e. a few hundred vs a few thousand degrees), induce such a noticeable change 

in the ionization-induced recovery efficiency? The quantitative analysis provided hereafter 

brings additional information to answer this question and sheds light on the overall ionization-

induced mechanism. 

 

V.2. Quantitative analysis: insights into the recovery phenomenon 

As previously shown in [14], the recovery cross-section calculated from the variation 

of the disorder level determined exclusively at the damage peak may not reflect the actual 

overall healing that takes place upon irradiation. Indeed, recovery occurs over the entire 

damage layer, and restricting the analysis to the peak neglects the contribution of the less 

disordered regions. Therefore, to realize a thorough quantitative analysis of the recovery 

process, we determined the variation of the relative integrated disorder (i.e. over the entire 

damage profile). This latter is plotted in Fig. 7a. The trend in the experimental data shows an 

exponential decrease in the disorder, with an asymptotic behavior, so we used the following 

equation to fit these data:  
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 ( )int int , int , min int , min( ) expeg eg initial eg eg
D D D Pb Df f f fσ= − − Φ +   (1) 

In this equation, PbΦ  is the Pb ion fluence, σ corresponds to the average recovery cross-

section, int ,eg initial
Df  is equal to the integrated disorder level prior to SHI irradiation, and 

int , mineg
Df  represents the minimum value of the (integrated) disorder level that can be reached 

after SHI irradiation. We also calculated the rate of recovery, τ, i.e. the rate of disorder 

annealing as a function of the Pb ion fluence and irradiation temperature (Fig. 7b). These data 

follow a similar (but necessarily opposite) trend to that of the variation of the relative 

integrated disorder, and it can be described by the following equation, with τmax being the 

asymptotic (final) recovery rate: 

 ( )max 1 exp Pbτ τ σ= − − Φ     (2) 

The fitting parameters int ,eg initial
Df , int , mineg

Df , σ and τmax are reported in Table I (note that σ is 

obviously identical in Eqs (1) and (2)). 

For layers close to full amorphization (PA-1, max
Df =0.95), average recovery cross-

sections in the range ~1.5-1.8 nm2 are found. These values are similar to the one determined 

in the case of SiC crystals (i) irradiated at RT with ions having a 5 keV/nm electronic energy 

loss (21 MeV Si), i.e. much lower than the 33 keV/nm for the present study, (ii) but initially 

exhibiting a lower disorder level at the damage peak (0.72 vs 0.95) [13, 16]. This finding 

suggests, as for the comparison with the work of Hlatshwayo et al. [17], that the level of 

deposited electronic energy influences the recovery efficiency. The recovery cross-section for 

these severely disordered layers does not seem to depend on the irradiation temperature. 

The minimum disorder level is, however, found to be much lower for irradiations at 770 K, a 

result that is illustrated in Fig. 7b showing final rates of recovery τmax ~39 % and ~54 % for the 

LT and HT irradiations, respectively. The comparable recovery cross-sections suggest that 

some of the defects are first rapidly annealed due to the electronic energy deposition, and the 

change in the macroscopic temperature does not, in this case, affect this process. The higher 

rate of recovery (i.e. lower int , mineg
Df ) after irradiation at HT can be due to additional defect 

annealing arising from the thermal energy brought during the (long) thermal load. The 

annealed defects could have been initially present (considering that the defective layers 

contain a wide defect spectrum that includes antisites, point and clustered defects, 
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amorphous regions), or generated during the cooling down phase subsequent to the thermal 

spike.  

 
Figure 7a 

 
Figure 7b 

Figure 7: a) Variation of int eg
Df  (i.e. fD integrated over the disorder profile and normalized 

to the initial disorder) as a function of the swift Pb ion fluence for 6H-SiC single crystals 

damaged by 100 keV Fe+ at RT and subsequently irradiated with 0.87 GeV Pb ions at LT (blue 

squares) or HT (red circles). Lines are fits to experimental data using Eq.(1). b) Same caption 

as in a) but for the rate of recovery, τ. 
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For less disordered layers (PA-2, max
Df ~0.85), the recovery cross-section upon 

irradiation at LT, i.e. ~1.6±0.4 nm2, is only slightly larger than for the more disordered layers 

(PA-1), i.e. ~1.5±0.4 nm2. This finding suggests that this cross-section value is essentially 

governed by the annealing of the same, least stable defects that are first annealed, 

irrespective of the initial damage state. However, this latter affects the final disorder level. 

Indeed, the curve of the recovery rate for the PA-2 layers irradiated at LT is very close to that 

for the PA-1 layers irradiated at HT (see Fig. 7b). In other words, it seems that the beneficial 

effect on the recovery efficiency of an increase in temperature is compensated by the 

detrimental effect of a higher initial disorder (or reciprocally, the beneficial effect of a lower 

disorder level is counterbalanced by a lower irradiation temperature). The final recovery rate 

at the two temperatures but for a same initial disorder (PA-2 layers) is found to be ~60 and 

75 % for LT and HT irradiations, respectively. As for the PA-1 layers, increasing the irradiation 

temperature leads to a more pronounced recovery. It is in addition worth mentioning that the 

rather small difference between these two recovery rates is in fact related to a dramatic 

change in the microstructure, which is illustrated by the TEM analysis: after irradiation at LT, 

there remain amorphous regions (Fig. 5b), while for HT irradiation (Fig. 5c) such defects almost 

completely disappeared. Finally, it must be noted that the recovery cross-section for PA-2 

layers irradiated at HT is twice (3.3 nm2 vs 1.8 nm2) that observed for the same initially 

damaged layer but irradiated at LT. This result (although relying on only one data-point) 

suggests that in addition to thermodynamics considerations, i.e. defect migration barriers to 

be overcome for defect annealing to occur, kinetics of defect reactions should also be invoked. 

More explicitly, the first Pb ion fluence was reached after about 3 h, so, during this time, 

numerous defects in the less defective layer could have been annealed out during the 

irradiation at 770 K because of the thermal load itself. Indeed, at this temperature, it was 

shown that a few seconds to a few minutes only are required to reach a steady-state [33-34]. 

On the contrary, in the heavily defective layer (PA-1), 3 h were not sufficient to lead to a 

substantial recovery process. This statement is supported by results that showed that 

annealing at 1073 K for 2 h led to a slight decrease in disorder in an irradiated layer with a 

damage peak of 0.7 [35], i.e. at higher temperature and with a lower initial disorder level than 

in the current work. Of course, at low temperature, the duration of the thermal treatment is 

irrelevant as the defects are not mobile [22,33]. 
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V.3. Recovery process: a tentative two-step scenario 

The overall results presented above lead us to propose that the recovery phenomenon 

taking place during SHI irradiation is a two-step mechanism, with distinct but not independent 

processes. In a first step, the intense electronic energy deposition is transferred to the atomic 

subsystem, which leads to a thermal spike and to the formation of a track, i.e. a cylinder into 

which lattice as well as displaced atoms are given a tremendous energy [12,20]. This process 

can cause interstitial evaporation from clusters, thereby hindering cluster nucleation and 

growth, as well as increasing the probability for some recombination of interstitials with 

vacancies; it may also enhance clustering and growth of dislocation loops, which can lead to a 

reduction in measured disorder using RBS/C (as observed in e.g. [15]). From our TEM images, 

it does not seem that dislocation loops are formed, so it should be more likely that during the 

cooling phase of the thermal spike, part of the initial disorder is annealed through defect 

reactions such as interstitial-vacancy recombination and antisite elimination. In a second step, 

defects in a metastable state, either initially present or formed during the cooling phase of the 

thermal spike, can be annealed out owing to the thermal energy associated to the thermal 

load. This second step is likely, in SiC, insignificant at 100 K, already active at RT and favored 

at 770 K. It occurs over a longer time-scale than the thermal spike event. Indeed, as shown in 

Fig. 2b, only a small annealing effect is observed in the µs range, i.e. a time several decades 

larger than the thermal spike duration; similarly, it has been recently demonstrated that 

typical relaxation time in SiC is in the range of the ms [32]. Both steps also differ in terms of 

length-scale, as electronic energy is locally deposited whereas the irradiation temperature 

affects the whole sample. Nonetheless, the macroscopic temperature inherently affects the 

rise, duration and fall of the thermal spike, as both the thermal conductivity and the electron-

phonon coupling depend on the material temperature (and on the crystalline level as well). 

Besides, the rates of the numerous defect reactions that can take place during the cooling 

phase of the spike are also temperature-dependent. These remarks indicate that the 

temperature has a complex effect on both steps of the proposed mechanism. It is however 

fair to mention that such an interplay between thermodynamics and kinetics was already 

pointed out in 1975 by Adda et al. in a seminal paper [36], and later in a review paper [37]. 

Although in [36], the authors were dealing with collision cascades and not with 

excitation/ionization processes, the same idea was put forward: as ion irradiation is an 

external force that induces, locally and in a short time-scale, atomic movements, the system 
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under such a solicitation is kept away from thermodynamics equilibrium until the external 

force is interrupted. As a consequence, the final (micro-) structural changes are the result of 

both athermal (ballistically-induced) and thermally-activated atomic displacements. A major 

difference is however to be noted: the thermal spike characteristics are temperature-

dependent, in contrast to features of collision cascade events. 

From all these conclusions, we can argue that there exists an ionization-activated, 

thermally-assisted defect-annealing (IATADA) process in SiC. This mechanism is related to the 

time and spatial dissipation scales of the deposited energy, to the energy partition into the SiC 

atomic and electronic subsystems, and to the macroscopic temperature that affects both the 

energy dissipation processes and the defect reaction rates. In the Introduction, we mentioned 

several works that reported ionization effects in SiC under various experimental conditions, 

and in each case, a combined effect of electronic and nuclear energy deposition was shown 

to lead to some defect annealing. It is proposed that the two-step mechanism discussed above 

also applies for these different works, irrespective of the irradiation conditions and sequences, 

and allows understanding the actual measured damage creation rates. 

 

V.4. Interplay between electronic and nuclear energy deposition 

As a last point, it should be mentioned that, in the last few years, the study of ionization 

effects on ballistically-generated defects has (re)gained great interest, and many other 

materials than SiC have been shown to be sensitive to this process. One can cite insulators 

(e.g. a-SiO2 [38], KTO [39]), semiconductors (e.g. AlN [40], Si [41], UO2 [42]) and even metals 

(e.g. Ni-based alloys [43]). Depending on the material, several phenomena can take place upon 

ionizing conditions: (i) a dramatic change in the configuration of the pre-existing defects (UO2, 

Ni), (ii) an exacerbation of the disordering efficiency (KTO, AlN) and (iii) a defect annealing (a-

SiO2, Si). Note that these phenomena can sometimes happen at the same time, like annealing 

and change in defect configuration, as in UO2 and Ni alloys for instance. This remark points 

out the complexity of the combined nuclear and electronic energy deposition effects on 

materials. Besides, the role of the sole irradiation temperature can be opposite according to 

the energy-loss regime and to the material. For instance, in cubic zirconia, increasing the 

temperature accelerates the disordering process in the nuclear energy-loss regime because 

defect clustering is enhanced [44], whereas damage accumulation is reduced in the electronic 

energy-loss regime owing to lower transient temperatures reached inside the SHI tracks [45]. 
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All these results emphasize the intricate roles of the energy deposition and dissipation 

processes and of the temperature on the final microstructural state of irradiated materials. 

They also point out that systematic studies on various materials of different classes are 

required to provide enough data for a comprehensive, and potentially predictive description 

of the irradiation-induced effects in the materials during their ageing.  

 

Table I: Characteristics of the studied SiC crystals. FeΦ  is the Fe fluence, TPb is the Pb irradiation 

temperature and max
Df  is the disorder at the damage peak as determined from the McChasy 

simulations of RBS/C spectra. The other terms are fitting parameters used in Eqs. (1) and (2). 

FA means fully-amorphous and PA stands for partially-amorphous; PA-1 and PA-2 correspond 

to two different initial disorder levels. 

FeΦ (cm-2) Name TPb max
Df  int ,eg init

Df  int , mineg
Df  σ (nm2) τmax(%) 

4x1014 FA LT 1±0.02 100 N/A N/A N/A 

4x1014 FA HT 1±0.02 100 N/A N/A N/A 

2.2x1014 PA-1 LT 0.95±0.02 0.57±0.03 0.34±0.02 1.5±0.4 40±2 

2.2x1014 PA-1 HT 0.95±0.02 0.57±0.03 0.26±0.01 1.8±0.2 54±2 

1.8x1014 PA-2 LT 0.83±0.03 0.46±0.05 0.18±0.02 1.6±0.4 60±4 

1.8x1014 PA-2 HT 0.83±0.03 0.45±0.05 0.11±0.01 3.3±0.6 75±2 

 

Conclusion 

SiC single-crystals, pre-damaged at different disorder levels in the nuclear energy-loss 

regime, were subsequently submitted to swift heavy ion irradiation at both low (~100 K) and 

high (~770 K) temperature in order to determine the effect of this parameter on the 

ionization-induced defect annealing generated by the SHIs. The deposited electronic energy 

allows reducing the initial damage, and it is shown that the higher the SHI irradiation 

temperature, the more efficient is the recovery process. Notably, the rate of recovery, defined 

as the relative magnitude of the decrease in disorder, significantly increases (by 25 % in the 

less defective layers) going from irradiation temperature of 100 K to 770 K. This higher 

efficiency at high temperature is attributed to the thermal load itself, acting over longer time-

scale than the thermal spike associated with the energy deposition process of the SHIs. Cross-

sections in the range of a few nm2 are determined, similar to those obtained for several other 
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irradiation-induced defect annealing experiments. The recovery cross-section does not seem 

to depend on the temperature, except in the case of simultaneous low initial disorder and 

high irradiation temperature.  

Merging all results allowed to proposing a two-step mechanism to explain the defect 

annealing observed upon ionizing conditions, irrespective of the irradiation characteristics and 

sequence. This mechanism is related to the partition into the SiC atomic and electronic 

subsystems and to the time and spatial dissipation scales of the deposited energy. These 

parameters, which depend on the disturbance of the crystalline network, directly govern the 

defect generation and annihilation rates that can also be affected by the macroscopic 

temperature. Therefore, we can conclude that an ionization-activated (first step), thermally-

assisted (second step) defect-annealing mechanism (referred to as the IATADA mechanism) 

occurs in SiC. This mechanism rationalizes the diverse descriptions reported so far in the 

literature. 

The results presented in this paper bring new information on the behavior of SiC in 

complex, radiation environments and may be useful for both the qualification of this material 

for harsh conditions (e.g. in nuclear reactors) and the control of its disorder level (for instance 

during or after ion beam doping). Finally, ionizing conditions as well as irradiation temperature 

are known to have significant influence on defect accumulation rates in many materials and 

the current work provides additional knowledge in the understanding of the various, complex 

associated physical phenomena. 
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