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1. Introduction 

One of the key challenges for the nuclear field is the ability to develop radiation-
resistant materials that can tolerate the harsh environment of intense irradiation 
conditions or for the long-term permanent disposal of spent nuclear fuel. In the last 
few decades, many experimental and theoretical efforts have been focused on a 
better understanding of the processes of radiation-induced damage in candidate 
structural materials, as well as the methods that can be used to recover the original 
crystallinity of the materials.1–8 The importance of silicon carbide (SiC) has 
emerged from its potential nuclear9–12 and microelectronic applications,13–15 mainly 
because of its remarkable physical and chemical properties along with the low 
neutron absorption cross section16 and the relatively low critical temperature for 
avoiding defect-induced amorphization.17 Accordingly, this compound has 
received considerable attention as a coating layer in Tristructural Isotropic (TRISO) 
fuel particles4,18–20 or as candidate cladding material for nuclear fuel inner canister 
material for long-term nuclear waste disposal.21 

In many nuclear applications, however, SiC can be subjected to high temperature 
and mixed radiation fields, which may lead to the degradation of these properties. 
In particular, irradiation involving high linear energy transfer such as alpha 
particles, fast neutrons, and protons can induce significant degradation in the SiC 
crystal structure by reordering the Si-C covalent bonds or even destroying the 
crystalline structure. This atomic-scale disorder or amorphization could have a 
significantly deleterious effect on the performance of the material and affect its 
suitability for several important nuclear applications.  

Following this concept, numerous studies have investigated the quality of irradiated 
SiC using different analytical techniques.22 Phase transition from crystallinity to the 
amorphous state in SiC has been reported under the impact of hydrogen ions,23 
heavier ion beams,24,25 or by using electrons26,27 at a variety of temperatures. The 
results from these studies have demonstrated the ability of SiC to undergo damage 
recovery processes near room temperature—a remarkable result for such a highly 
bound covalent ceramic material. Other investigations have focused on 
understanding the mechanisms of recrystallization of irradiated SiC, such as solid 
phase epitaxy and ion beam induced epitaxial crystallization.29,30 Recently, Weber 
et al. have investigated the ability to restore structural order through an ionization-
induced healing mechanism.3,31–33 Such a recovery mechanism could provide 
critical advantages for the use of SiC in nuclear reactor systems or for nuclear waste 
canisters. 
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In this study, we have attempted to understand damage accumulation near the 
surface region of single-crystal 4H-SiC irradiated with beams of high-energy 
hydrogen (H) and helium (He) ions, where surface-dominated properties such as 
corrosion resistance and crack initiation might be most strongly affected. The 
number of atomic displacements was estimated by using the SRIM-2013 Monte 
Carlo simulation code.34 SRIM (Stopping and Range of Ions in Matter) tracks the 
interactions of individual energetic ions moving through materials to aggregate 
information about the extent and nature of ionization (energy transferred to target 
electrons) and nuclear collisions (Coulombic scattering between positively charged 
ions and target nuclei). Furthermore, the program tracks the interactions of both the 
incident ions and the subsequent interactions of recoil atoms, both of which can 
produce damage cascades. After many thousands of simulated ions have been 
followed, the program was then used to estimate the total number of atoms that 
should be displaced from their lattice sites for particular irradiation conditions. This 
simulation was used to determine the expected level of displacements for the two 
ion species at a variety of fluences, a number that is commonly given in 
displacements per atom (dpa) in order to compare ionizing species with very 
different defect production rates. Each irradiation condition in this study is 
therefore presented in this normalized format, with changes in the material cited as 
a function of displacements per atom, where dpa is an estimate from the SRIM 
program. 

The irradiated SiC in this study was analyzed using Raman spectroscopy to assess 
the amount and nature of disorder induced by the irradiation. Raman spectroscopy 
is highly sensitive to SiC crystal composition and order, mainly because of the 
strong covalent bonds of this compound that provide an intense Raman signal, and 
the literature characterizing SiC polytypes and defect structures is extensive.35-39 
The irradiated areas were also analyzed using Rutherford backscattering 
spectrometry in a channeling geometry, a technique used to measure the overall 
crystallinity of a sample by assessing the reduction in elastic backscattering when 
a material is precisely aligned with an incident ion beam. As opposed to Raman, 
ion beam channeling is not generally sensitive to chemical disorder in a material 
like SiC, only to the lack of regular crystalline lattice structure, so it is commonly 
used as a measure of amorphization in irradiation studies. 

2. Methods, Assumptions, and Procedures 

Wafers of 4H-SiC (University Wafer ID 2891, <0001> orientation, laboratory 
quality, N doped, SSP/Si polished) were irradiated with 1770 keV protons (H+ ions) 
and 4300 keV He2+ ions using a 1.7 MV tandem positive ion accelerator (National 
Electrostatics 5SDH-2). To prepare small-area samples for Raman analysis, the 
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beams were focused to approximately 1 mm in diameter using a near-target 
electrostatic quadrupole lens. In order to prepare larger samples for ion beam 
channeling, and to ensure uniformity, the beam spots were focused only to 2 mm 
in diameter, and the targets were moved vertically and horizontally in 0.1-mm steps 
using a stepper motor to ensure that an area of at least 2 × 2 mm was irradiated 
uniformly, regardless of any inhomogeneity in the intensity of the beam across its 
profile. Beam currents ranged from 10 to 1000 nA on target, and the sample 
temperature was not controlled. For He irradiation, fluences ranged from 2.5 × 1016 
to 8.0 × 1017 particles/cm2. In the case of H irradiation, higher fluences were 
necessary to achieve comparable numbers of defects, and fluences ranged from 2.0 
× 1017 to 6.5 × 1018 particles/cm2.  

Raman spectra were acquired in a backscattering geometry using a Horiba 
LabRAM spectrometer. The 633-nm solid-state laser was focused through a 150-
µm spot and collected via a 50× objective lens. A 600 groove/mm grating was used, 
the acquisition time was set to be 3 s, and the spectra were measured from 50 to 
2000 cm–1. All the measurements were conducted at room temperature with the 
laser beam focused on the surface of the sample.  

The crystallinity of the 4H-SiC was assessed using Rutherford backscattering 
spectrometry in a channeling configuration (RBS-C), using 2-MeV He+ ions at a 
175° backscattering angle. The samples were first axially aligned to the <0 0 0 1> 
axis using a five-axis goniometer near the irradiated areas to avoid additional 
damage accumulation during the alignment process. Elastic scattering rocking 
curves were then obtained using an angular scan as each previously irradiated area 
was placed under the aligned beam. The total scattering energy window for yield 
measurements was positioned at energies just below the surface peak from 
scattering from surface silicon atoms (1.1 MeV) and extended down to just above 
the scattering energy of surface carbon (0.5 MeV). It is estimated that this 
measurement measured the crystallinity of the samples to a depth of approximately 
1 µm. The minimum yield (normalized to the randomized scattering yield) was 
measured for each irradiation condition and compared to that of unirradiated SiC 
in order to determine the degree of amorphization. In this study, “crystallinity” is 
defined as the ratio of the minimum yield of a sample to that of a pristine sample, 
and “amorphization” refers to the change in crystallinity as one moves from the as-
received material (“0% amorphized,” with minimum yield equal to that of the 
pristine material) to complete loss of crystalline structure (“100% amorphized,” 
with minimum yield of 1.0). 
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3. Results and Discussion 

To first estimate the impact of H and He ion beams on the material, the anticipated 
surface damage of the sample was evaluated by using the SRIM-2013 program 
code. After exposure to the ion beams, Raman spectroscopy was used to evaluate 
the disorder induced in the SiC in small-area irradiation samples. Finally, ion 
channeling was used to evaluate the crystallinity of the material in larger irradiated 
regions to assess the extent of amorphization. 

3.1 Estimated Subsurface Displacement Damage Using SRIM 

Energetic ions interact with matter both through ionization (energy transfer to the 
electrons in a material) and nuclear scattering (primarily Coulombic scattering and 
momentum transfer between the incident ions and positively charged nuclei). The 
extent of these interactions depends strongly on energy: at MeV energies, ionization 
is dominant, while nuclear scattering is dominant at lower energies in the keV 
range. Because of this effect, when materials are bombarded with ions of MeV 
energy, the subsurface region undergoes much more ionization than nuclear 
scattering, and very few target atoms receive enough direct impact energy to be 
moved off their lattice sites to create vacancy/interstitial pairs. As ions slow to the 
keV range, the chance of nuclear scattering increases dramatically, leading to much 
higher amounts of lattice damage at the “end-of-range” of the ion.  

Just under the surface of a material, the nuclear scattering events needed to displace 
a Si or C atom from its lattice site are rare, but not completely absent. Especially at 
very high fluences, such as one might encounter in nuclear reactor or waste storage 
environments, the level of nuclear scattering and ion-induced disorder could be 
high enough to impact the long-term use of this material in radiation environments, 
including corrosive environments where surface defects could be important. For 
this reason, we chose to focus this study on the effect of light ions very near the 
surface of the material, rather than on end-of-range damage, which has been 
extensively documented using the irradiation of heavier ions. 

The computer code SRIM is the most widely used Monte Carlo simulation program 
for predicting the range and amount of damage produced in materials subjected to 
ion irradiation. The program simulates the cumulative effect of thousands of 
individual ion tracks as they penetrate a material, scattering at low or high angles; 
it also follows any secondary cascades produced should one of the displaced nuclei 
(a recoil atom) have enough energy to produce damage tracks of its own. In this 
study, using MeV light ion irradiation (1770 keV H+ and 4300 keV He2+), SRIM 
calculates a final range of 21.4 µm for H ions and 12.4 µm for He ions. In the case 
of both H and He irradiation, we expect a highly disordered layer at this depth, 
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where the crystal structure of the SiC will be completely amorphized, even at 
relatively low fluences. SRIM also predicts that this layer of extremely high damage 
will be very narrow (0.99 µm thick for H, 0.40 µm thick for He), and the first few 
micrometers of material underneath the surface will be relatively undamaged. 
Immediately underneath the surface, SRIM predicts that the energy loss will be 
almost entirely due to ionization (46 eV/nm for H, and 240 eV/nm for He), with 
very little energy deposited via nuclear scattering (0.03 eV/nm for H, and 0.18 
eV/nm for He). The ratios for electronic to nuclear stopping in this region are 
extremely high (1533 for H ions, and 1333 for He ions), so only a fraction of the 
ion energy is successful in producing a Frenkel pair, and the defect production rate 
is very low. 

Figure 1 depicts the SRIM result for the total number of displacements expected for 
1770 keV H and 4300 keV He after simulating thousands of ion impacts. Material 
properties for SiC used in the simulation included a density of 3.21 g/cm3 and 
displacement energies of 35 and 20 eV, for Si and C, respectively.40 Each of these 
plots was generated using a combination of two calculation methods in SRIM: 
“Monolayer/Surface Sputtering” and “Detailed Calculation with Full Damage 
Cascade” (“Monolayer” and “Full”). The Monolayer mode was used to track near-
surface interactions, but it is a very slow method where ions are tracked through every 
layer of substrate material, using random number generators at each monolayer of 
material to calculate the odds of a nuclear scattering interaction. Deeper into the 
material, the SRIM Full mode was used, in which each individual ion is allowed to 
travel one unit of its mean free path in a straight line before the program pauses to 
calculate the odds of a scattering interaction. Using these two methods, Figure 1 
shows that the amount of lattice displacement is relatively constant in the first 5 µm 
of the material and that 4300 keV He ions should be six to seven times more effective 
at creating atomic displacements than 1770 keV H ions.  

This SRIM result was used to estimate the amount of displacement damage 
expected for the irradiation conditions used in this study and translate “fluence” 
into “dpa.” In the case of small spot irradiations for Raman, displacements were 
varied from 0.01 to 0.32 dpa for both H and He ions. In the case of large-area 
irradiations for ion beam channeling measurements, we report on three irradiation 
conditions: high and low fluence samples for He ions, and a single sample for H 
ions. Using the fluences outlined in the experimental procedure section, the average 
subsurface displacement density calculated by SRIM (from Figure 1, estimated to 
be 2360 and 18,900 displacements/cm3 for each ion/cm2), and the atomic density 
of SiC (4.8 × 1022 atoms/cm3), we can then report the irradiation conditions 
measured via ion beam channeling to be 0.06 and 0.19 dpa for the He irradiations 
and 0.10 dpa for H irradiation.  
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Figure 1. SRIM calculation of displacements (dpa per unit fluence) in SiC due to 
irradiation by 1770 keV H ions and 4300 keV He ions. The first 1500 nm are calculated using 
the SRIM monolayer method and the remaining using SRIM full cascade mode. At these 
energies, each He ion creates six to seven times more displacements than each H ion just below 
the surface of the material. 

3.2 Raman Analysis of 4H-SiC 

Raman scattering of SiC polytypes conveys structural information on the lattice 
dynamical vibrational properties, which allow one to establish the phonon 
dispersion curve for most of these polytypes.41 Raman spectra of pristine 4H-SiC 
as well as material irradiated with H and He ions are discussed in more detail below. 

3.2.1 Raman Analysis of Unirradiated 4H-SiC 

First-order Raman spectra are mainly sensitive to the phonons at the center of the 
Brillouin zone (Γ point), with a reduced wave vector near k = 0, due to the need to 
conserve crystal momentum.42 For the SiC compound, the first-order Raman 
spectra are polytype-dependent because of the existence of folded modes, in which 
phonon modes with longer wavelengths are divided into axial and planar modes. 
These modes are dependent on the atomic motions if they are in parallel or 
perpendicular directions to the c-axis, respectively.6,36–39,43,44 Raman-active modes 
for pristine 4H-SiC with (0001) surface, which has a wurtzite structure and a C6υ 
symmetry, are represented by A1, E1, and E2 modes. Since the A1 and E1 phonon 
modes are both Raman and infrared active modes, they are split into longitudinal 
and transverse modes, and are either acoustic or optical in origin, leading to the 
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labels LA, TA, LO, and TO. In backscattering geometry, where the incident and 
collected light are parallel to the c-axis of the sample, the three essential Raman-
active modes, A1, E1, and E2, are expected to be present in Raman spectra at 
nonresonant excitation energies.  

Figure 2 shows the Raman spectrum of a pristine 4H-SiC sample, exhibiting most 
of the expected features reported in literature for this material. The E2(TA) peaks 
are noted at 195 and 203 cm–1, although the E1(TA) is absent. A peak at 610 cm–1 
corresponds to the axial or longitudinal acoustic A1(LA) mode. The spectrum is 
dominated by two sharp peaks at 775 and 798 cm–1, which correspond to the planar 
or transverse optical modes, E2(TO) and E1(TO) modes, respectively. The axial or 
longitudinal optical A1(LO) mode appears as a broad asymmetric peak at  
985 cm–1 with a full-width at half maximum value of approximately 50 cm–1, which 
is slightly higher than the ideal value of 964 cm–1 in 4H-SiC. This particular Raman 
mode is particularly sensitive to plasmon–phonon coupling in the material, and this 
shifted and broadened peak is typical of material that has been nitrogen-doped.37,45 
Second-order scattering peaks are also noted in the 1400–2000 cm–1 region, which 
are due to more complex scattering interactions; these are highly sensitive to 
disorder and difficult to interpret, but are indicative of the highly ordered nature of 
the pristine material. 

 
Figure 2. Raman spectrum of pristine 4H-SiC. Peak positions are in agreement with 
published values, showing acoustic and optical modes dominated by the E2(TO) peak. A broad 
A1(LO) peak indicates a significant amount of nitrogen doping.
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3.2.2 Raman Analysis of Irradiated 4H-SiC 

Several researchers have reported on the evolution of Raman spectra in irradiated 
SiC. Following the method of Sorieul et al.,46 the resulting spectra are generally 
interpreted by considering three main regions: 1) Si-Si region from approximately 
180 to 620 cm–1, 2) Si-C region from 600  to approximately 1000 cm–1, and 3) C-C 
region, from 1000 to 1600 cm–1. In addition, the extinction of prominent features is 
used as a measure of disorder accumulation, as the introduction of vacancies, 
interstitial, and even antisite defects disrupts the scattering processes that lead to 
distinct Raman peaks. 

Figure 3 shows the Raman spectra of samples irradiated with 1770 keV H ions at 
fluences corresponding to displacements from 0.01 to 0.32 dpa. With even the 
lowest amount of disorder (0.01 dpa), the Raman spectra show a complete 
vanishing of the acoustic branch that includes E2(TA) and A1(LA) weak modes. 
The region from 150 to 700 cm–1 contains two broad peaks: the first is located 
between approximately 140 and 500 cm–1 and the second slightly sharper peak is 
located at 600 cm–1. The first broadband peak is characterized by possessing two 
sub-peaks near approximately 300 and 350 cm–1. The second broadband peak, in 
the acoustic branch region, extends from 480 to 620 cm–1 and is centered at  
600 cm–1. While it is possible that the first peak corresponds to Si-O vibrations, or 
even amorphous Si,47 the second peak has been assigned by many to vibrations 
from distorted or disordered SiC.48 

The most prominent part of the spectrum—the optical branch—shows a large 
decrease in the E2(TO) Raman peak intensity with irradiation, along with peak 
broadening, indicating that while those vibrations are still present in the material, 
the presence of defects disrupts the scattering process significantly. In addition to 
the general extinction of this peak, there is the complete extinction of the broad 
A1(LO) peak associated with nitrogen-doped SiC. In the irradiated material, a peak 
at 960 cm–1 appears, which could be the A1(LO) peak of undoped material, since 
irradiation defects and heating could allow the nitrogen dopant to escape. There is 
also the development of a peak at 845 cm–1, which has been associated with the 
nucleation of 6H-SiC or other stacking faults in this material,49,50 along with a broad 
shelf between 850 and 960 cm–1, which is generally associated with disordered 
SiC.23 The second-order peaks noted in the pristine material have largely been 
extinguished, and the irradiated spectra show only broad peaks around 1130, 1190, 
1460, and 1680 cm–1, all of which could be associated with highly disordered C-C 
bonds, as they are in the region where Raman peaks for graphite, fullerenes, or 
nanocrystalline diamond are found.51,52 
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Figure 3. Raman spectrum of 4H-SiC irradiated with 1770 keV H ions. Increasing atomic 
displacements (as estimated by SRIM) are correlated with extinction of the most Raman 
peaks, and a growth in peaks associated with Si-Si bonds, C-C bonds, and disordered SiC. 

Figure 4 shows the corresponding results for material irradiated with 4300 keV He 
ions at much lower fluences, but when scaled by displacements per atom, as 
estimated by SRIM, we find identical results. At the lowest levels of displacement, 
we see a reduction in all Raman peak intensity, the elimination of the second-order 
peaks, the vanishing or shift of the A1(LO) peak, and the development of broad 
features indicating disordered material. Most importantly, this indicates that the 
changes in the Raman spectra are independent of the ion used, and that SRIM has 
correctly estimated the relative efficiency of defect creation by H and He ions at 
these energies. 
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Figure 4. Raman spectrum of 4H-SiC irradiated with 4300 keV He ions. All peaks are 
identical to those observed using H ions, with the same changes in chemical disorder noted. 

Following the method of Sorieul et al.,46 the intensity of the most prominent Raman 
feature —the E2(TO) peak—was plotted as a function of displacements per atom, 
and these results are shown in Figure 5 for the spectra shown above, as well as 
additional spectra taken from repeated irradiation experiments. Relative disorder is 
here defined as the intensity of the E1(TO) peak with the pristine material plotted 
at zero, and the results scaled to the small intensity of the highly damaged material 
found after 0.32 dpa (relative disorder = 1). No difference is seen in the rate of 
damage accumulation with H versus He ions, and the accumulation of this disorder 
saturates at displacement levels as low as 0.08 dpa, which is consistent with 
published measurements of chemical disorder using heavy ion irradiation in this 
material.46 

0 500 1000 1500 2000
Raman shift (cm-1)

Pristine
0.01 dpa
0.02 dpa
0.04 dpa
0.08 dpa
0.16 dpa
0.32 dpa



 

11 

 
Figure 5. Relative disorder in 4H-SiC as a function of displacement density as measured 
by the extinction of the E(TO) peaks. No difference is noted between H and He irradiation 
when scaled by dpa, indicating similar accumulation of chemical disorder in both cases. 

3.3 Ion Beam Channeling Measurements of 4H-SiC 

Elastic scattering rocking curves from RBS-C are shown in Figure 6 for pristine 
SiC, and for SiC exposed to 1770 keV H+ irradiation at fluences expected by SRIM 
estimates to produce 0.10 dpa in the near-surface region. The minimum yield of the 
pristine SiC was 0.05, which is typical of high-quality single-crystal material, and 
reflects good beam collimation and sample alignment in the RBS-C measurement 
system. In contrast, SiC exposed to H ion irradiation had a minimum yield of 0.22, 
indicating a significant degree of disorder in the first micrometer beneath the 
surface of the material. This change in minimum yield indicates that the subsurface 
SiC, exposed to 0.10 dpa via H irradiation, has been 18% amorphized.  
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Figure 6. Backscattering yield from angular scan across <0 0 0 1> axis of 4H-SiC before 
and after irradiation with 1770 keV H+ ions to an estimated displacement density of 0.10 dpa. 

Figure 7 shows a similar measurement for SiC exposed to 4300 keV He2+ beams at 
two fluences expected by SRIM to induce both a lower and higher number of 
ballistic interactions: 0.06 and 0.19 dpa. The minimum yields of this irradiated 
material were found to be 0.062 and 0.129, respectively, corresponding to an 
estimated amorphization of only 2% and 9%. 
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Figure 7. Backscattering yield from an angular scan across <0 0 0 1> axis of 4H-SiC before 
and after irradiation with 4300 keV He ions to an estimated displacement density of 0.19 dpa. 

Past work by Weber24,53 and others has characterized the accumulation of 
irradiation-induced disorder in SiC using a sigmoidal damage accumulation fit, best 
described using a direct-impact/defect-stimulated (DI/DS) model. Under conditions 
where thermal recombination of defects is possible, the defect-stimulation 
contribution is suppressed, and the heterogeneous accumulation of disorder toward 
full amorphization can be delayed. While complete amorphization of SiC can be 
achieved at 0.30 dpa at 170 K, irradiation temperatures of 375 K typically require 
0.60 dpa, as defects are less effective at stimulating amorphization.17 Weber found 
that the activation energy of defect recovery processes, which begin around 300 K, 
is approximately 0.23 eV, and so for temperatures exceeding a critical temperature, 
it may not be possible to fully amorphize the material using ion irradiation.53,54  

Figure 8 shows a typical sigmoidal amorphization curve from one of these 
published studies,55 and the three measurements reported in this study are also 
placed on this figure. The amorphization fraction achieved here using 1770 keV H 
irradiation (18%) corresponds well with these previous studies. This result is also 
consistent with the fact that light ion irradiation (both H and He) creates much less 
dense defect cascades than heavy ion irradiation, so one expects a smaller 
contribution from defect stimulation and a damage accumulation closer to that 
predicted by solely direct-impact models. The data point lies just below the 370 K 
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curve reported by Weber et al.,55 indicating a possible slight thermal influence on 
this measurement, possibly from simple beam heating. 

1770 keV H

4300 keV He

 
Figure 8. Damage accumulation curves reproduced from Weber et al.55 validating a DI/DS 
model using Ar ion irradiation. The three results of this study using H and He are shown in 
relation to this published data. 

In the case of He irradiation, one would expect similar behavior as with H 
irradiation, in that defects are not created in dense clusters where in-cascade 
recombination is likely. With similar heat loads on the sample, one expects similar 
irradiation temperatures in both experiments; with only minor thermally induced 
recombination to retard damage accumulation, we expected the amorphization 
fraction to scale simply with the number of defects produced (approximately six to 
seven times more, as estimated by SRIM).  

The He irradiation results in this study, however, fall significantly below the 
expected curve, and much lower than that of H irradiation to a similar dpa. In fact, 
a significantly higher displacement value (0.19) created an amorphization fraction 
of only 9%,  one-tenth of that expected in an athermal model, and less than one-
quarter of that expected by the DI/DS model at moderate thermal conditions. 

The low level of amorphization in He-irradiated SiC may be explained by 
considering the phenomenon of ionization-induced annealing. When the amount of 
energy deposited via ionization significantly exceeds that deposited into a material 
via defect creation, such as near the surface of SiC undergoing heavy ion 
bombardment, it has been reported that damage accumulation can be significantly 
retarded. That is, when a sufficiently high amount of energy is present in the 
electronic system, that energy is available to induce localized annealing of Si and 
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C atoms that have been ballistically displaced from their original lattice locations, 
returning the material to a crystalline state rather than an uncoordinated amorphous 
configuration. This phenomenon in SiC has been extensively studied and reported 
by Weber et al.3,31,56 in a series of papers investigating the ionization density 
thresholds necessary to either avoid the creation of persistent defects (“in-cascade 
annealing”) or to anneal out preexisting defects created in a prior process. Using 
highly ionizing beams of Ni, Si, O, and C, Zhang et al.31 determined that at least 
1400 eV/nm must be deposited via ionization before preexisting defects could be 
removed via annealing, while Xue et al.3 found a slightly lower threshold (1000 
eV/nm) to slow damage accumulation via in-cascade annealing.  

In this study, however, the ionization density expected from H and He irradiation 
is significantly lower than either of these reported thresholds, so this effect was not 
expected to play a role in amorphization. In the case of 1770 keV H, SRIM predicts 
an ionization density of only 40 eV/nm at the surface, much lower than the 1000 
eV/nm threshold reported in the literature. Similarly, the ionization density of 4300 
keV He (240 eV/nm) is also much lower than the reported threshold. Because of 
these low levels of ionization, an ionization-induced annealing effect was not 
anticipated for either the H or He irradiation in this study.  

However, one must also consider the secondary effect of ionization from highly 
energetic recoil atoms. It is possible that a few primary knock-on recoil atoms of Si 
and C near the surface—where the incoming ion has nearly its full incident 
energy—might themselves create a significant amount of ionization in their 
cascades. In the case of 1770 keV H ions, the maximum recoil energies are fairly 
low (235 keV for Si and 501 eV for C), capable of creating cascades with ionization 
densities of 700 and 1000 eV/nm, respectively. Thus, in the case of 1770 keV H, 
even this recoil-induced ionization density is lower than the reported thresholds for 
healing. However, in the case of 4300 keV He ions, some recoil atoms have much 
higher energies because of higher ion energy and higher momentum transfer from 
a heavier incident particle; recoils from 4300 keV He ions will have energies as 
high as 1.9 MeV (Si) and 3.2 MeV (C). These recoil atoms will deposit high 
amounts of ionization energy (2400 eV/nm for Si recoils, 1800 eV/nm for C recoils) 
in their secondary cascades, both of which exceed the reported ionization density 
thresholds for recombination of local defects and/or annealing of preexisting 
defects from earlier collisions.  

It should be noted that very few recoils receive the maximum possible energy 
transfer from direct backscattering and would be able to create such highly ionized 
cascade regions. Calculations of the mean recoil energy are complicated by non-
isotropic scattering considerations, and beyond the scope of this work, but a simple 
relativity kinematics calculation, along with ionization estimates from SRIM, 
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indicates that most of the recoils from 4300 keV He irradiation would exceed a 
1000 eV/nm ionization density threshold, while recoils from 1770 keV H 
irradiation do not. This is the most likely explanation for the significant lack of 
amorphization in the case of 4300 keV He irradiations, and the absence of this 
healing mechanism in the case of 1770 keV H irradiation.  

This result is consistent with the observation of Jiang et al.57 that recombination of 
defects produced by He irradiation is active at anomalously low temperatures (as 
low as 160 K in their study), and that in the case of He ion irradiation, much higher 
numbers of displacements are required to produce regions of amorphization than 
with comparable Si ion irradiation (where the energy deposition ratio for 
ionization/nuclear scattering is smaller). Although it was not the purpose of their 
study, which concerned defect creation at the end of range for He irradiation, it is 
possible that the delay in amorphization noted there was a result of recoil-induced 
ionization providing the necessary conditions for an ionization-induced healing 
mechanism. Additional studies would be needed to confirm and understand this 
recoil-induced mechanism, perhaps using direct implantation of Si and C atoms at 
energies bracketing the reported 1000 eV/nm threshold, as well as lower-energy He 
irradiation where recoils should have insufficient energy to achieve this condition. 

4. Conclusions 

This study has identified two important and distinct regimes of near-surface 
damage—chemical disorder and amorphization—that occur at very different 
damage thresholds, quantified using a “displacement-per-atom” description.  

The electronic structure of 4H-SiC was found to be highly sensitive to even the 
smallest number of atomic displacements from incident ion beams. As 
characterized using Raman spectroscopy, damage as low as 0.01 dpa reduced or 
eliminated several distinct features of the Raman scattering spectrum, and at levels 
over 0.08 dpa, nearly all features were obscured. The threshold was generally the 
same for both 1770 keV H ions and 4300 keV He ions, and was likely due to the 
accumulation of antisite defects.  

Ion beam channeling was used to evaluate the crystallinity of the material in the 
near-surface region and found that even after the electronic properties had been 
degraded (dpa > 0.08), the material remained mostly crystalline. In the case of H 
irradiation, the extent of amorphization at a given displacement level generally 
agreed with published studies of SiC amorphization, but He-irradiated samples 
remained mostly crystalline despite damage levels as high as 0.19 dpa. 
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This reduced level of amorphization is consistent with the ionization-induced in-
cascade healing noted by others, even though direct ionization by primary beam is 
below the previously published thresholds for ionization-induced healing. We 
speculate that the most energetic primary recoil atoms (both Si and C) may create 
enough ionization to heal their own damage cascades. H irradiation at these incident 
energies cannot activate this ionization-induced healing mechanism, as neither the 
primary beam nor the recoils create enough ionization to reach the threshold. 
Therefore, the total amorphization produced by 1770 keV H irradiation is in line 
with expected values for simple displacement accumulation without recombination.  

The anomalously low amorphization of the material from He irradiation indicates 
that SiC could be extremely resistant to physical degradation from exposure to 
alpha-emitting radioisotopes, or neutron-rich environments in which alphas could 
be generated, and is therefore a promising candidate for nuclear reactor 
environments or nuclear waste storage, even if its susceptibility to chemical 
disorder and electronic degradation makes it less suitable for radioisotopic power 
devices. 
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List of Symbols, Abbreviations, and Acronyms 

4H-SiC silicon carbide, 4H polytype 

DI/DS direct-impact/defect-stimulated 

dpa displacements per atom 

H hydrogen 

He helium 

keV kiloelectronvolt 

LO longitudinal mode 

MeV megaelectronvolt 

RBS-C Rutherford backscattering spectrometry in a channeling 
configuration 

SiC silicon carbide 

SRIM  Stopping and Range of Ions in Matter 

TO transverse mode 
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