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The coincidence of electronic and damage energy dissipation from energetic ions to an atomic lattice can signifi-
cantly affect damage production along the ion trajectory due to spatial overlap of inelastic and elastic processes.
Damage production and disordering in single crystal 3C-SiC from 5 MeV Si and 10 MeV Au ions is investigated
using ion-channeling experiments. While defects are created by damage energy dissipation via elastic scattering,

Defects . R . X . . .

lonization electronic energy dissipation via electron-phonon coupling decreases defect survival along the ion trajectory for
Si ions. The more energetic recoil spectrum for 10 MeV Au ions leads to weaker spatial coupling of electronic
and damage energy dissipation processes, and damage production is only weakly affected.

Introduction under high-energy ion irradiations compared to fast neutron irradia-

Silicon carbide (SiC) is a wide bandgap semiconductor [1] that is
mechanically and chemically inert at elevated temperatures [2,3] and
has a small neutron absorption cross-section [4,5], and because of these
properties, SiC and SiC-based composites are candidate structural and
electronic materials for harsh environments, particularly nuclear and
space applications. Sintered SiC has been used as a light weight mirror
material for space applications [6] and single crystal SiC wafers have
been used for various electronic devices for space exploration [7-10]. In
these space applications, material degradation and single-event upsets
due to cosmic radiation are a concern. The cubic 3C-SiC polytype is
especially useful as a nuclear material as it, in polycrystalline form, is
used as a cladding layer in TRISO (tristructural-isotropic) fuel particles
[4] and as both the fibers and matrix in SiC;/SiC,, composites [11],
which are potential structural materials for accident tolerant cladding,
Gen IV advanced reactors, and fusion reactors [11-14].

As a nuclear material, understanding irradiation effects in SiC is nec-
essary to develop predictive models for performance lifetimes of reactor
structural components and in-reactor sensors. Often ions are used to
simulate neutron irradiation, as ion irradiation from accelerators can
produce far greater doses and higher dose rates than fission test reac-
tors, which are limited to damage rates below 20 dpa/year [15]. Elec-
tronic excitations, i.e., ionization effects, can be much more prevalent
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tions as ions are charged, and the proportion of kinetic energy lost to
electronic excitation increases with ion velocity [16,17]. However, fast
neutrons produce damage by transferring kinetic energy to atoms in a
material, thereby creating charged recoil atoms (i.e., ions), which are
generally referred to as primary knock-on atoms (PKAs), and these PKAs
have higher average energy than recoils produced along an ion trajec-
tory [16,18]. Thus a larger fraction of PKA energy is lost to electronic
excitation compared to recoils created via ion irradiation. Ceramic ma-
terials are particularly sensitive to ionization effects, as they can lead
to: 1) amorphization along the ion path [19-21]; 2) additive damage
production from combined electronic and damage energy dissipation
[22,23]; 3) synergistic damage production from electronic energy inter-
actions with pre-existing defects [24,25]; 4) annealing of pre-existing
defects [26,27], and 5) decreased survival of in-cascade defects [28,29].
In SiC, electronic energy dissipation leads to annealing of defect struc-
tures, which can be important in device fabrication, as well as in both
space and nuclear applications. This ionization-induced annealing pro-
cess competes with damage energy dissipation by elastic scattering, and
under some conditions can totally suppress or limit damage accumu-
lation [27-30]. Electronic energy dissipation effects are present in SiC
under neutron irradiations, as fission and fusion neutrons produce en-
ergetic PKAs up to several hundred keV and several MeV, respectively;
these PKAs lose most of their energy to electrons via ionization. As a
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result, the overall effects of ionization can be significant, and must be
considered when developing predictive performance models based on
using ion irradiation as a surrogate for neutron irradiation of SiC, as
ionization-induced processes can affect both damage production and
accumulation processes. In addition, ionization effects are critically im-
portant in SiC-based devices in space applications.

The electronic stopping power for an ion is defined as the energy loss
to electrons per unit pathlength; however, since incident ions generally
do not follow a straight path normal to the surface, the electronic en-
ergy loss (i.e., ionization energy deposition) by an incident ion at some
depth is generally taken as the average energy transferred inelastically
to electrons per unit depth, which is readily calculated using several
available Monte Carlo simulation codes, such as SRIM [31], Iradina
[32], or IM3D [33,34]. Likewise, the total ionization energy deposited
per unit depth by the passage of an incident ion is the sum of the aver-
age energy loss to electrons at some depth by both the incident ion and
all the primary and secondary atomic recoils, which can also be calcu-
lated by the same simulation codes. Previous work at room tempera-
ture found that ionization-induced recovery of pre-existing defects has
an electronic energy loss threshold value of 1.4 keV/nm for this ather-
mal annealing process to occur [27]. This threshold of 1.4 keV/nm is a
relatively low value of electronic energy loss, as most low to intermedi-
ate energy ions employed in research, as well as cosmic radiation have
much greater electronic energy loss values. Furthermore, this threshold
for ionization-induced annealing processes, in terms of equivalent PKA
energies, is 750 keV for Si and 850 keV for C PKAs, well below the typical
PKA energies produced by fusion neutrons, but only a small fraction of
fission-neutron PKAs exceed such energies. For in-cascade processes in
SiC, where damage energy dissipation (energy that goes into producing
displaced atoms and dissipated via phonons) is temporally and spatially
coupled with the total ionization energy dissipation, the threshold in
electronic energy loss to induce measurable in-cascade annealing was
found to be 1.0 keV/nm in a study of 3C-SiC irradiated with 1.5 and 5.0
MeV Si ions [28]. This threshold value corresponds to PKA energies of
about 450 keV for both Si and C PKAs.

Coupled defect production and annealing along ion trajectories de-
pends on both the respective magnitudes of the electronic and damage
energy dissipation, as well as the ratios between the dissipation pro-
cesses [30], which is best described as the ratio of total ionization energy
to damage energy. The dissipation of ionization energy for an incident
ion is often modeled as a radially localized thermal spike along the ion
path lasting tens of ps to several hundred ps [35]. In general, the thermal
spike intensity increases with increasing electronic energy loss. Irradia-
tion damage in SiC is the accumulation of defects produced by ballistic
collisional processes (i.e., damage energy dissipation) that survive or ex-
tend radially beyond the ionization-induced thermal spike [30]. Greater
elastic energy dissipation results in more energetic atomic recoils and
defect production beyond the extent of the thermal spike. Additionally,
because the ionization-induced thermal spikes are transient, short-lived
events, the coupled annealing processes may be most effective for point
defects, leaving defect clusters mostly intact.

In this study, the effects of recoil spectra and ratio of total ionization
energy to damage energy dissipation are investigated in 3C-SiC single
crystals by comparing defect survival from 10 MeV Au ions with previ-
ous results for self-ion irradiation using 5 MeV Si ions. The 10 MeV Au
and 5 MeV Si ions have comparable pathlengths and electronic energy
loss values. However, while self-ion irradiations are generally recom-
mended [16], nuclear energy loss and damage energy for the 5 MeV Si
ions are significantly lower than for 10 MeV Au ions. By comparing mea-
sured rates of disorder accumulation at different depths, the effects of
recoil spectra and total ionization to damage energy ratio can be eval-
uated based on predicted recoil spectra and radial dissipation of ion-
ization and damage energy. The results reveal that coupling between
ionization and damage energy dissipation for the Si ions is stronger,
and therefore defect survival along the ion trajectory is more sensitive to
changes in ionization energy. In contrast, the more energetic recoil spec-

Materialia 15 (2021) 101023

tra resulting from the 10 MeV Au ions leads to weaker spatial coupling
of inelastic and elastic process, which results in more damage survival at
similar doses, as well as significantly reduced (by a factor of 20 or more)
implanted ion concentrations, compared to 5 MeV Si irradiations.

Experimental methods

In this study, single crystal, 3C-SiC thin films in (001) orientation
on a silicon substrate were grown by NOVA Electronic Materials. The
3C-SiC film layer thickness is 3.8 um, therefore any strain from film-
substrate lattice mismatch is undetectable, as the maximum depth re-
gion of interest is only 1.5 ym from the surface. The 3 MV tandem ac-
celerator and associated facilities at the Ion Beam Materials Laboratory
(IBML) [36] were used to perform the ion irradiations and characterize
disorder via Rutherford backscattering spectrometry in channeling ge-
ometry (RBS/C). The 5 MeV Si ions and 10 MeV Au ions were chosen
because of similar electronic stopping powers and ion depth ranges, but
significant differences in nuclear stopping powers and thus damage en-
ergy dissipation along the ion trajectories. For both ions, the irradiations
were performed at 60° off the (001) surface normal to create shallow
damage that provided for more accurate analysis of disorder profiles by
RBS/C. Ion fluences ranged from 8.7 x 103 to 1.9 x 10> ions/cm? for
the 5 MeV Si ions and from 5.0 x 10!2 to 1.0 x 10! ions/cm? for the
10 MeV Au ions. Ion fluxes were 1.4 x 10'2 ions/cm?s for the 5 MeV Si
irradiations and 1.9 x 10'! ions/cm?s for the Au irradiations. The maxi-
mum temperature increase due to beam heating was estimated based on
power density calculations and was determined to be less than 8 K for
both irradiation conditions. The RBS/C measurements were performed
in situ along the [001] direction using 3.5 MeV He ions. The irradiations
and RBS/C characterization were performed at 300 K under vacuum be-
low 2.0 x 1077 Torr.

The depth profiles of atomic displacements and energy deposition for
the 5 MeV Si ions at an incident angle of 60° were determined using the
SRIM 2010 code [31] in full-cascade mode, as recently recommended
[37]. Because the electronic stopping powers for Au ions in SiC are over-
estimated by the SRIM code [38], the depth profiles of displacements
and energy deposition for the 10 MeV Au ions at an incident angle of 60°
were determined using the IM3D code [33] in full-cascade mode, which
utilized new experimentally derived electronic stopping powers for Au
ions in SiC that correctly predict the Au implantation profiles for ener-
gies up to 15 MeV [37,38], as illustrated in Fig.S1 for 10 MeV Au ions
implanted at 60°. For both the SRIM and IM3D full-cascade simulations,
threshold displacement energies of 35 eV for Si and 20 eV for C [39] and
lattice binding energies of 0 eV were used. A density of 3.21 g/cm® was
assumed. The predicted displacement damage profiles for the irradia-
tion conditions of this study are shown in Fig. 1. In the case of the 10
MeV Au ions, the results of full-cascade SRIM simulations are included
in Fig. 1b for comparison, which clearly indicate the increase in num-
ber of displacements to deeper depths from the IM3D simulations due
to the lower electronic energy stopping powers employed for Au ions in
SiC. Results of IM3D calculations for 5 MeV Si ions are also included in
Fig. 1a to show the good agreement between SRIM and IM3D calcula-
tions for the same SRIM predicted electronic stopping powers. The main
difference in the two codes is how the scattering cross sections are im-
plemented, as described elsewhere [34]. In this study, the SRIM results
for 5 MeV Si ions and the IM3D results for 10 MeV Au ions are used
to calculate the damage dose (displacements per atom or dpa) at differ-
ent depths for each ion fluence, as well as the depth profiles of energy
dissipation.

Because of the significant effects of ionization-induced annealing in
SiC [27,28,30,40], the amount of energy loss to electrons by the inci-
dent ion and recoils (i.e., total ionization energy) along the incident ion
trajectory relative to the damage energy, which is the elastic energy
that goes into creating displacements, is an important consideration in
the evaluation of experimental results. The depth profiles of total ion-
ization energy and damage energy deposition, as measured in units of
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Fig. 1. Depth profiles of displacement production (damage) per ion: (a) 5 MeV Si ions incident at an angle of 60°, based on full-cascade SRIM and IM3D simulations;
(b) 10 MeV Au ions incident at an angle of 60°, based on full-cascade IM3D simulation that employ a new experimentally-derived electronic stopping power for Au
ions in SiC [33], and full-cascade SRIM simulations that utilize the SRIM predicted electronic stopping power.
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Fig. 2. The partitioning of incident ion energy (per unit depth) to total ionization energy (inelastic energy transfer to electrons by the incident ion and secondary
recoils) and to the damage energy (elastic energy going into atomic displacements): (a) 5 MeV Si ions in SiC at an incident angle of 60°; and (b) 10 MeV Au ions at

an incident angle of 60°.

keV per unit incremental depth (not pathlength), are shown in Fig. 2,
where the damage energy profiles were determined from the total en-
ergy dissipated to phonons, as described previously [37,41]. While the
total ionization energy for both 5 MeV Si and 10 MeV Au ions is much
larger than the damage energy, the damage energy for the 5 MeV Si
ions (Fig. 2a) is significantly less than the damage energy for the 10
MeV Au ions (Fig. 2b). The ratio of total ionization energy to damage
energy is one indicator of the effect of spatial and temporal coupling of
inelastic and elastic energy loss processes on defect survival and damage
accumulation

A major effect of the lower damage energy for the 5 MeV Si ions
shown in Fig. 2(a) is a softer primary recoil energy spectrum compared
to 10 MeV Au ions. The primary recoil spectra for 5 MeV Si and 10
MeV Au ions were determined by using pysrim [42] to examine the full-
cascade collision files created by the SRIM 2008 code for 10,000 inci-
dent ions of each type. The primary recoil spectrum for 10 MeV Au ions
depends on the scattering cross sections and not the electronic stopping
power, so the SRIM 2008 calculations are valid for this determination.
While the primary recoil spectrum for a given ion is important, a more
meaningful measure of the overall effect of recoil spectrum on defect
production is the weighted primary recoil spectrum, W(T), which is the
fraction of displaced atoms produced by all primary recoils with ener-
gies less than a given primary recoil energy [43]. The weighted recoil
spectra for 5 MeV Si and 10 MeV Au ions in SiC are shown in Fig. 3,
along with the weighted recoil spectra in SiC for neutrons in the High
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Fig. 3. Weighed primary recoil spectra for 5 MeV Si and 10 MeV Au ions in SiC,
along with that for neutron irradiations in HFIR and a fusion reactor [44].

Flux Isotope Reactor (HFIR) and a fusion reactor [44]. Based on the same
10,000 full-cascade collision files from SRIM, the pysrim code was used
to determine the radial distributions of damage energy deposition and
defect production along the incident ion trajectory for both 5 MeV Si and
10 MeV Au ions, as described previously for other incident ions in SiC
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Fig. 4. Relative disorder on Si sublattice at the damage peak as a function of
damage dose in 3C-SiC irradiated with 5 MeV Si ions and 10 MeV Au ions.

[30]. These radial distributions will be compared to ionization energy
deposition via electron-phonon coupling in the discussion section.

Results

The RBS/C results on the depth profiles of relative Si-lattice disor-
der as a function of 5 MeV Si ion fluence have been previously reported
[28], and the RBS/C spectra and disorder depth profiles as a function
of ion fluence for the 10 MeV Au irradiation are provided in Fig. S2 in
the Supplementary Material. From the RBS/C data, the accumulation
of relative disorder at the depth corresponding to the damage peak has
been determined as a function of damage dose (dpa) for both the 5 MeV
Si and 10 MeV Au irradiation, and the results are compared in Fig. 4.
The Au ion irradiations are much more efficient than Si ions in disor-
dering SiC, and a fully amorphous state is achieved at a dose of about
0.4 dpa under 10 MeV Au ion irradiation. For the 5 MeV Si ions, full
amorphization requires a dose of about 0.7 dpa. Similar differences in
disorder accumulation behavior at the damage peak has been previously
reported in 6H-SiC irradiated at 170 to 190 K by 0.55 MeV Si ions and
2.0 MeV Au ions [45]. At 150 K, the disorder accumulation behavior is
nearly identical [46] for the same Si and Au ions, indicating that dam-
age accumulation behavior under Si ion irradiation is more sensitive to
athermal or thermal annealing behavior. The dose for full amorphization
at the damage peak in 3C-SiC under 10 MeV Au ion irradiation (current
study) is nearly the same as that for 6H-SiC under 2 MeV Au ion irradia-
tion at 300 K [47], suggesting that the high density of ionization energy
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from 10 MeV Au ions at the damage peak may have a minimal effect
on defect survival at the damage peak. Similarly, the damage accumu-
lation behavior at the damage peak for the 5 MeV Si ions is identical to
that under 1.5 MeV Si ions at 300 K, as reported previously [28]; how-
ever, ionization-induced recovery processes were more pronounced for
5 MeV Si ions than 1.5 MeV Si ions at shallow depths (200 to 500 nm).
The current and previous results indicate that the harder primary recoil
spectrum (Fig. 3) and higher damage energy per ion (Fig. 2a) for Au ions
produce more stable defects and greater in-cascade defect survivability
than the Si ions, which is consistent with molecular dynamics simula-
tions of relative defect size distributions [48]. Further, the high values
of the total ionization energy deposited per ion (Fig. 2) relative to the
damage energy deposited can enhance annealing of surviving defects
along the ion trajectories, as discussed in more detail below.

Based on the disorder depth profiles versus fluence data, the depen-
dencies of relative disorder on local damage dose (dpa) at shallower
depths have been determined and are presented in Fig. 5. While the
ionization energies are of comparable magnitude over the first several
hundred nanometers of depth (Fig. 2), the decrease in rate of disordering
is more pronounced near the surface (200 to 400 nm) under 5 MeV Si
ion irradiation (Fig. 5a) than under 10 MeV Au ion irradiation (Fig. 5b).
The most significant effect of the total ionization energy is near the sur-
face, where the total ionization energy deposition is maximized and the
damage energy is minimized for both 5 MeV Si and 10 MeV Au ions.
The effect diminishes with increasing depth as the energy of the inci-
dent ions decreases. However, the total ionization energy deposition is
dominant over the damage energy deposition over the entire depth of
damage for both 5 MeV Si and 10 MeV Au ions. The total ionization en-
ergy, damage energy, and ratio of ionization energy to damage energy
at each depth are summarized in Table 1.

Temporal and spatial coupling of inelastic ionization energy dissipa-
tion and elastic damage energy dissipation to the atomic structure are
critical to understanding primary defect production and damage evo-
lution. Evidence for ionization-induced annealing along energetic ion
tracks, as well as ionization-induced in-cascade annealing, have been
previously reported [28,30,49,50]. At 300 K, where thermal annealing
processes in SiC are small compared to ionization-induced annealing,
these studies demonstrated that the inverse dose for amorphization, 1/D,
is linearly dependent on the ratio of the ionization-induced recovery
cross section, o;, to the elastic damage cross section, o4, and is given by
the general expression:

1/D = (1/D,)[1 - (0;/04) exp(~E,,./kT))|, M

where D, is the amorphization dose at 0 K or at a temperature where flux
effects are negligible and E,, is the activation energy for the ionization-
induced recovery. Eq. (1) can be applied to the dose to achieve an amor-
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Fig. 5. Relative disorder fraction on the Si sublattice in 3C-SiC as a function of damage dose (dpa) at different depths: (a) 5 MeV Si ions in SiC at an incident angle
of 60° (adapted from Ref. [28]); and (b) 10 MeV Au ions at an incident angle of 60°.
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Table 1
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SRIM (5 MeV Si) and IM3D (10 MeV Au) predicted total ionization energy and damage energy deposition at different depths, along with the

ratio of total ionization to damage energy.

5 MeV Si at 60°

10 MeV Au at 60°

Depth (nm) Ionization Energy (keV/nm) Damage Energy (keV/nm) Ratio Ionization Energy (keV/nm) Damage Energy (keV/nm) Ratio
200 71 0.04 177.5 10.2 1.05 9.7
300 6.6 0.04 165.0 10.0 1.22 8.2
400 5.9 0.05 1180 9.6 142 6.8
500 5.1 0.07 72.9 9.0 1.70 53
600 4.2 0.10 42.0 8.1 1.89 4.3
700 3.2 0.14 229 6.9 1.96 3.5
800 24 0.19 12.6 53 1.82 2.9
900 1.7 0.22 7.7 3.7 1.43 2.6
30 [ L B R A B ] 30 K T LI ]
: 5MeV Si* in SiC | ‘ 10 MeV Au’ in SiC |
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Fig. 6. Linear dependence of inverse dose to achieve a specific level of disorder on ratio of ionization energy to damage energy in SiC at 300 K: (a) disorder levels
of 0.15 and 0.20 under 5 MeV Si irradiation; and (b) disorder levels of 0.15, 0.20 and 0.40 under 10 MeV Au irradiation.

phous state or a specific level of disorder in SiC. At constant temperature
(300 K), the exp term is just a constant, C, and the inverse dose to achieve
a specific disorder level is proportional to ¢;/c4 with a slope C/D,,. The
ratio ¢;/o4 is directly proportional to the ratio of total ionization en-
ergy to damage energy at a given depth, which can be determined from
the data in Fig. 2 and is summarized in Table 1. The doses to achieve
disorder levels of 0.15 and 0.2 under 5 MeV Si irradiation and disorder
levels of 0.15, 0.2, and 0.4 under 10 MeV Au irradiation are determined
from curve fits in Fig. 5, and the inverse doses to achieve these specific
levels of disorder are linearly dependent on the ratio of total ionization
energy to damage energy, as shown in Fig. 6. The results indicate that
a unique dose to achieve similar levels of disorder at 0 K (y-axis inter-
cept) is larger for the 5 MeV Si ions than for the 10 MeV Au ions for an
equivalent level of damage (e.g., 0.15 and 0.2 disorder). In the case of
Si ions, the results in Fig. 6a suggest that, above an ionization energy to
damage energy ratio of 390, it may not be possible to achieve disorder
levels above 0.15 to 0.2, which could suggest saturation levels of dis-
order with ionization-induced annealing processes in equilibrium with
damage production from elastic collision processes. A slightly higher
ionization energy to damage energy ratio may be required to suppress
a disorder level above 0.15 compared to 0.2 under 5 MeV Si ion irradi-
ation, which is not unexpected. In the case of Au ions (Fig. 6b), there
is not much difference in the ionization energy to damage energy ra-
tio to suppress disorder levels between 0.15 and 0.4, and a ratio of 20
may suppress achieving disorder levels above 0.5. These results are con-
sistent with the observed full suppression of damage accumulation in
4H-SiC under 21 MeV Si ion irradiation (total ionization energy to dam-
age energy ratio exceeding 940) and the predicted full suppression of
all damage accumulation at a total ionization energy to damage energy
ratio of 33 in 6H-SiC irradiated with 25 MeV Au ion at 300 K [30].

Discussion

In order to better understand the coupling of ionization energy and
damage energy along the actual trajectory or pathlength of an ion, the
radial dissipation of both the ionization energy and the damage energy
to the atomic structure are examined. The radial dissipation of damage
energy along the ion pathlength for incident ions cannot be estimated
directly from the SRIM full-cascade collision files. To determine this,
the radial distributions of displacements for 5 MeV Si and 10 MeV Au
are first ascertained using pysrim [42] to examine 10,000 full-cascade
collision files created by the SRIM 2008 code for each ion type over
the pathlength segment from 700 to 800 nm (corresponding to a depth
from 350 to 400 nm for an incident angle of 60°). These radial distri-
butions of displacements are illustrated in Fig. 7a and 7b, and the sig-
nificant greater radial extent of displacements from 10 MeV Au ions is
due to the harder primary recoil spectrum for Au ions compared to Si
ions over this depth range (Fig. 3). Using the total integrated number of
displacements (Fig. 1) and the integrated damage energy (Fig. 2) from
full cascade simulations for each ion, the average amount of damage en-
ergy deposited per displacement event has been determined and used to
estimate the radial dissipation of damage energy from the radial distri-
bution of displacements for each ion. The radial distributions of damage
energy (eV/atom) are shown in Fig. 7c and 7d. The ionization energy
deposited by an incident ion of specific energy to the target electrons
along an incremental ion pathlength is given by the electronic stopping
power (energy deposition per unit pathlength), which creates a high
density of hot electrons that dissipate their energy to the atomic struc-
ture via electron-phonon coupling, leading to a highly-localized ther-
mal transient along the ion pathlength that is generally referred to as
the inelastic thermal spike, which has a duration of tens of ps to several
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Fig. 7. Radial distribution of displacement col-
lisions by full-cascade SRIM simulations along a
segment of pathlength from 700 to 800 nm pre-
dicted for (a) 5 MeV Si ions and (b) 10 MeV Au
ions. Electronic (ionization) and damage energy
deposited to the atomic lattice over a pathlength
of 700 to 800 nm by (c) 5 MeV Si ions and (d) 10
MeV Au ions.
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hundred ps. The radial profile of electronic energy dissipation density
to the lattice by 5 MeV Si and 10 MeV Au ions in SiC over the segment
of pathlength from 700 to 800 nm has been calculated based on the
two-temperature model and model parameters described previously for
SiC [30]. The results are included in Fig. 7c and 7d. The coupling (i.e.,
overlap) of electronic energy and damage energy along the ion path-
length occurs over a much larger radius and with a much higher ratio
of electronic to damage energy for the 5 MeV Si ions as compared to the
10 MeV Au ions, which can result in decreased defect survival along the
ion trajectory for the Si ions.

The results in Fig. 3 clearly demonstrate that Au ions provide a
harder primary recoil spectrum that more closely represents the pri-
mary recoil spectrum for fast neutrons in SiC compared to Si self-ions,
and the results in Figs. 2, 6 and 7 suggest that defect production for Au
ions is substantially higher per ion and less affected by the ionization-
induced thermal spike in SiC than for Si self-ions. Using Si self-ions to
achieve high doses requires at least 20 times more ion fluence than Au
ions for equivalent damage depths, which leads to high concentrations
of implanted Si interstitials that are highly mobile in SiC and can signifi-
cantly affect microstructure evolution. On the other hand, implanted Au
interstitial concentrations are significantly lower for equivalent damage
doses, and Au interstitials are inert and immobile.

Conclusions

Ionization-induced annealing can have significant impacts on dam-
age processes in irradiated materials. Complete understanding of this
effect, both separately and coupled with damage energy dissipation is
necessary to develop predictive models of SiC-based structural materials
and electronic devices exposed to harsh radiation environments, as well
as to design and interpret ion-irradiation experiments that are intended
to emulate high-dose neutron damage. In this study, disorder accumu-

lation in 3C-SiC was studied with 10 MeV Au ions and compared with
previous 5 MeV Si ion data.

There is stronger coupling between inelastic and elastic process for
5 MeV Si ions, so irradiation-induced defect concentrations from the
Si ions are more sensitive to dissipation of ionization energy compared
to 10 MeV Au ions, where the more energetic recoil spectrum leads to
weaker spatial coupling between energy dissipation processes. Conse-
quently, resulting damage at similar dpa doses is greater from the Au
ions compared to the Si ions, and Au ions have a harder recoil spectrum,
more comparable to neutrons. Further, SRIM and IM3D based models
of radial distributions of collision cascades, recoil spectra, energy par-
titioning, and displacements as a function of depths were determined.
The IM3D code better predicts the Au displacements concentration as a
function of depth due to its utilization of better, experimentally derived,
electronic energy loss values for Au ions in SiC.
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