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Abstract This article reports on the influence of the ion

energy on the damage induced by Au-ion implantation in

silicon carbide single crystals. 6H-SiC samples were

implanted with Au ions at room temperature at two dif-

ferent energies: 4 and 20 MeV. Both Rutherford Back-

scattering spectrometry in channelling geometry (RBS/C)

and Raman spectroscopy were used to probe the ion

implantation-induced damage. Results show that the

accumulated damage increases with the fluence up to the

amorphization state. RBS/C data indicate that 4-MeV

implantation induces more damage than 20-MeV implan-

tation at a given fluence. This effect is attributed to nuclear

collisions since the amount of damage is identical at 4 or

20 MeV when the fluence is rescaled in dpa. Surprisingly,

Raman data detect more damage for 20-MeV implantation

than for 4-MeV implantation at low fluence (below

1013 cm-2) where point defects are likely formed.

Introduction

When materials are submitted to radiation with energetic

particles such as ions, their atomistic structures are altered:

atoms may switch positions with each other, or even be

removed from their lattice sites. The accumulation of these

defects leads to damage of the material. It is, therefore,

important to understand the response of materials under

radiation environments in order to predict their perfor-

mance for nuclear applications. Silicon carbide (SiC) has

been proposed for use in the future high temperature gas

cooled nuclear reactors either as a cladding material for the

nuclear fuel or as a structural material for the reactor

core. Due to the early interest for the development of the

ion implantation doping process in SiC, previous studies

were mainly focused on low energy ion implantation

(*100 keV) [1, 2]. Some of them were focused on the

effect of fluence, ion flux or/and temperature [3, 4], others

on damage induced by ion implantation and diffusion of

the implanted species [5]. But none of them studied the

effect of the ion energy on the induced damage in silicon

carbide.

In this study, the combination of Rutherford Backscat-

tering Spectrometry in channelling mode (RBS/C) and

Raman spectrometry is used in order to study the effect of

the ion energy on the created damage in silicon carbide

single crystals.

Experimental

Single crystalline n-type 6H-SiC specimens obtained from

CREE, Inc., were used in this study. The surface was

normal to the [0001] crystallographic axis, and polished to

an optical finish grade. The specimens were implanted at

room temperature with 4 MeV Au2? and 20 MeV Au6?

ions using ion accelerators of CSNSM, Orsay (France) and

of Instituto de Fisica, Universidade Federal do Rio Grande

do Sul, Porto Alegre (Brazil), respectively. The ion fluence

was varied in the range 1012–1015 cm-2, and the substrates

were tilted *7� from the direction of the incident ion beam
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in order to reduce ion-channelling effects. In both cases, the

ion flux was sufficiently low to avoid target heating during

irradiation: at Porto Alegre, it was 1.6 9 1011 ion cm-2 s-1,

and at Orsay it was 1.3 9 1012 ion cm-2 s-1. Taking into

account the energy deposition for 20- and 4-MeV particles,

the dissipated power in the material per ion and per surface is

of the same order (3.2 9 1012 MeV ion cm-2 s-1 for

20-MeV ions, and 6.5 9 1012 MeV ion cm-2 s-1 for

4-MeV ions), so a comparison between each set of irradiation

is possible at a given fluence.

According to SRIM Monte Carlo calculations [6], which

do not take into account defect recombinations, the damage

corresponding to a fluence of 1015 cm-2 was 5.2 dpa

(displacement per target atom, for both Si and C atoms) at

the peak maximum of the damage profile for 4-MeV Au

ions and 3.2 dpa for 20-MeV Au ions. The projected ion

range (Rp) was equal to 0.5 lm for the 4-MeV ions and

3 lm for the 20-MeV ones. The nuclear and electronic

stopping powers, respectively, Sn and Se, calculated from

SRIM software are plotted in Fig. 1 as a function of the

depth into the material for 4 and 20 MeV Au ions. The

displacement energies used in these calculations were

19 eV for the Si sublattice and 20 eV for the C one [7].

RBS/C spectra were recorded in random and aligned

geometry using the ARAMIS ion accelerator at the

CSNSM, Orsay. A 1.4 MeV He? beam was used for the

characterization of the radiation damage at room temper-

ature. Monte Carlo simulations of RBS/C spectra were

performed using the McChasy code in order to quantify the

fraction of disorder as a function of depth in the crystal [8].

The probed region by RBS/C was around 1 lm.

Raman spectra were recorded with a Renishaw Invia

Reflex spectrometer coupled with a Leica DM2500

microscope, with a 9100 objective, in confocal mode. The

spectrometer acts in single spectrometer configuration with

an Edge filter (with low-frequency cutoff at around

150 cm-1) and a 2400 g mm-1 grating. The excitation line

was the 457 nm line of an Ar? laser, with power on the

sample of the order of 1 mW. The laser beam is focused on

the sample surface rather than some micrometers below, in

order to have reliable data on the whole set of samples,

which present very different absorption coefficients in the

visible range due to the different degrees of damage. The

confocal filtering limits the probed thickness to about

1 lm, this thickness is even more decreased down to some

hundreds of nanometers for the most damaged samples

close to the surface.

It is worth noting that the probed area (up to 1 lm,

whatever RBS/C or Raman is used) includes all the cas-

cades occurring for 4 MeV Au ions, while it corresponds

only to the beginning of the slowing down of 20 MeV Au

ions in 6H-SiC single crystals.

Results and discussion

A set of typical RBS/C spectra obtained from samples

implanted with 4 and 20 MeV Au ions at indicated fluences

are presented in Fig. 2. A spectrum of a randomly oriented

virgin sample rotating around the [0001] axis as well as a

channelled spectrum along the same sample axis are also

shown. The spectrum taken in a random direction displays

two plateaus below 800 and 350 keV that correspond to the

backscattering of analyzing particles from the Si and C

atoms of the sample, respectively. The spectrum taken in

the h0001i-axial direction on the virgin crystal displays the

same features with a much lower backscattering yield in

both Si and C regions due to the channelling effect. The

ratio of channelled to random spectra near the surface was

about 3%, thus showing the good single crystalline quality

of the material. For each implanted sample, this ratio

increased with the fluence, indicating the presence of point

defects (as evidenced by positron annihilation spectroscopy

Fig. 1 Nuclear (a) and electronic (b) stopping powers calculated

from SRIM versus depth for 4 and 20 MeV Au ion implanted silicon

carbide single crystals
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in [9]), that can cause direct backscattering of channelled

ions and dechannelling. At 1013 cm-2, the aligned spectra

recorded on 4-MeV implanted samples show a highest

yield than the 20-MeV ones, meaning that the material is

more damaged. The same effect occurs also at a fluence of

1014 cm-2, and it is more pronounced. At 1015 cm-2, the

recorded spectra correspond to the random spectra what-

ever is the ion energy, showing that the fraction of dis-

placed silicon atoms is at its maximum. It indicates that in

this case the material is totally disordered. Lines represent

fits to the RBS/C spectra using McChasy Monte Carlo

simulation code [8]. Calculations rely on the basic

assumption that Si and C atoms are randomly displaced

from their original lattice sites during ion implantation.

From these simulations the fraction of displaced atoms (fD)

corresponding to the Si lattice was extracted as a function

of depth into the sample (Fig. 3). The variation of accu-

mulated damage taken at the depth for which this measured

fraction of displaced atoms is maximum (fD
max) (i.e.,

between 0.8 and 1 lm for both 4 and 20 MeV ions as seen

in Fig. 3) is shown as a function of the Au ion fluence in

Fig. 4a. Solid lines are fits to the experimental data with the

MSDA model [10, 11] using n = 1 (one step of damage

accumulation). The accumulated damage in the Si lattice

is close to zero at 1012 cm-2 for both ion energies.

It increases as a function of the ion fluence up to a plateau

at a value of 1, corresponding to the total disorder for both

4- and 20-MeV. It is worth noting that above 1012 cm-2,

the accumulated damage is, at a given ion fluence, always

higher at 4 MeV than at 20 MeV. This will be discussed

below.

Raman spectra of virgin and implanted SiC are shown in

Fig. 5 where the Raman intensity is plotted versus the

wavenumber shift with respect to the laser. Samples

implanted at 4 MeV are represented on the left part, and

those implanted at 20 MeV are on the right part. For virgin

samples, three main sharp lines are observed at 767, 790,

and 964 cm-1, with less intense lines lying at 140 and

797 cm-1. These lines correspond to the expected spectrum

of 6H-SiC, as firstly reported by Feldman et al. [12]. These

sharp lines are also observed for samples implanted at low

fluence (1012 cm-2). The lower intensity of more implanted

samples denotes a growing damage upon increasing flu-

ence. A clear progressive crossover appears, from crystal-

line (sharp symmetric lines) to amorphous (broader

envelope due to phonon density of states, Raman-allowed

by the symmetry lowering induced by damaging). This

amorphization of SiC under irradiation was already repor-

ted for various conditions of irradiation [13–16]. It is visible

at the lowest fluence (1012 cm-2) for 20 MeV, where a

broad background becomes visible, nothing detectable is

observed on the corresponding 4 MeV data, apart from a

small intensity loss for the 964 cm-1 line. For 20 MeV, the

main sharp lines appear also slightly broadened. The

1013 cm-2 data (4 and 20 MeV) show coexistence of

the crystalline peaks and of the density of states, the latter

being dominant in the 20 MeV sample. For higher fluences

(1014 and 1015 cm-2), only the density of states is observed

for both ion energies. For each of these two fluences, the

broad features on this density of states appear somewhat

more resolved for 20 MeV sample than for the 4 MeV one.

It is particularly clear on the 1014 cm-2 data, where the

change of slope characteristic of the end of the 1st order

density of states, near 970 cm-1, is more resolved on

20 MeV sample compared to 4 MeV one. Then the disorder

Fig. 2 RBS/C spectra channelled in the [0001] direction from virgin

crystal and samples implanted with 4 or 20 MeV Au ions at indicated

fluences. A random spectrum of a rotating virgin sample is also

included. Lines are fits to RBS/C data with the McChasy Monte Carlo

code [8]

Fig. 3 Fraction of displaced atoms (fD) corresponding to the Si lattice

as a function of depth into the sample, extracted from McChasy

Monte Carlo simulations
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probed by Raman at 4 MeV looks more important than at

20 MeV for the two highest fluences. To summarize, the

20 MeV sample look to be more damaged than the 4 MeV

one up to 1013 cm-2, above this fluence it is the contrary.

The sensitivity of RBS/C and Raman techniques for the

atomic rearrangements occurring at low and high fluences

is different. RBS/C essentially detects atomic displace-

ments. Raman spectroscopy may also detect defects

inducing a release of the Brillouin zone-center selection

rules: this includes creation of point defects such as colored

centers and other electronic-like defects, even present at

low concentration. However, the change of the Raman

response due to atomic displacements is stronger than that

induced by points defects invoked previously: the selection

rules are released in both cases, but atomic displacements

imply a supplementary disorder in the phonon density of

states. These features explain the more disordered-like

density of states obtained for the 4 MeV samples as com-

pared to the 20 MeV ones at the two highest fluences. They

can also explain the appearance of a small background and

the beginning of line broadening observed for the 20 MeV

sample at 1012 cm-2 (Fig. 6).

At low fluences (i.e., before amorphization), positron

annihilation spectroscopy measurements show that differ-

ent kinds of defects are created in both 4- and 20-MeV

implanted crystals [17]. The formation of small interstitial-

type defect(s) (clusters), which induce the development of

a tensile elastic strain, was also observed by X-ray dif-

fraction experiments in the low fluence range [18]. These

defects might be due either to an effect of electronic

stopping power (higher at 20 MeV than at 4 MeV) or to

different morphologies of defects cascades (i.e., damage

cascades with different densities, different spatial exten-

sions, or different types of defects and/or defect clusters

created in each cascade).

At high fluence, only amorphous domains are observed,

as shown by Raman results, in agreement with Debelle

et al. [18] study. The total Si sublattice disorder observed

with RBS/C experiments in SiC implanted with 4 and

20 MeV Au ions at high fluence corresponds thus to

amorphous SiC, in the light of Raman measurements.

Moreover, we observe a more pronounced disorder in the

Si sublattice in SiC single crystals implanted with lower

ion energy, i.e., 4 MeV. Indeed irradiation effects detected

in the first micrometer depth depend strongly on the inci-

dent ions’ energy, as they result mainly from elastic

nuclear interactions at low energy and inelastic interactions

at high energy. It has been shown previously that 6H-SiC

single crystals implanted with 700 keV I ions (Snmax =

3.1 keV nm-1) were totally disordered above 1014 cm-2,

and that RBS/C spectra recorded after 827 MeV Pb ions

irradiations (Snmax = 0.1 keV nm-1) do not exhibit any

significant damage at the highest fluence reached (2 9

1013 cm-2) [19]. In the first micron below the surface (i.e.,

the depth probed by RBS/C and Raman measurements), the

value of the nuclear stopping power Sn at the maximum of

the distribution is equal to 1.4 keV nm-1 for 20 MeV ions

(Fig. 1a). Its value is nearly four times higher for 4 MeV

ions (Sn = 4.2 keV nm-1). This is in agreement with our

RBS/C results: lower damage at higher ion energy (with a

lower value of Sn) is thus due to nuclear collisions effects.

The electronic stopping power (Fig. 1b) could, however,

play a non-negligible role in the case of 20 MeV Au ions.

To study its role, the accumulated damage in the Si sub-

lattice has been plotted as a function of the number of

Fig. 4 Accumulated damage (fD
max) in the Si sublattice for 4 MeV

(circle) and 20 MeV (square) implanted 6H-SiC single crystals

versus a fluence; b dpa calculated using SRIM [6] as the integral of

the area under the curve between 0 and 1 lm. Solid lines are fits to the

experimental data with the MSDA model using n = 1 [10, 11]
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displacement per atom (dpa), calculated by SRIM as an

integral of the area under the curve between 0 and 1 lm

(Fig. 4b). One can clearly see that the points are nicely

superimposed: the accumulated damage is the same for 4

and 20 MeV at a given value of dpa. This result indicates

that the electronic stopping power in the case of the

20 MeV ions do not lead to a partial annealing of defects

induced by nuclear collisions. This is coherent with results

obtained by Benyagoub et al. [19]. It has to be underlined

that in the first micron depth, the electronic stopping power

of 20 MeV Au ions (Se = 5.5 keV nm-1) is six times

lower than for 827 MeV Pb ions (Se = 34 keV nm-1).

Conclusion

Damage in 6H-SiC single crystals after ion implantation at

different energies has been followed by RBS/C and Raman

spectroscopy. At low fluences Raman results show a

beginning of disorder in the 20 MeV Au implanted crystals

not observed in the 4 MeV ones, which could be attributed

to point defects. This disorder could be induced by elec-

tronic slowing down, or due to different morphologies of

defect cascades. At high fluence, Raman spectra show that

the implanted materials become amorphous. The simula-

tion of the RBS/C spectra by a Monte Carlo program

(McChasy code) indicates that 4-MeV Au ion implantation

induces more disorder in Si sublattice than 20-MeV one.

This is attributed to the effect of nuclear collisions.
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