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Due to its unique ma te rial prop er ties, such as ex treme hard ness and ra di a tion re sis tance, sil i -
con car bide has been used as an im por tant con struc tion ma te rial for en vi ron ments with ex -
treme con di tions, like those pres ent in nu clear re ac tors. As such, it is con stantly ex posed to
en er getic par ti cles (e. g., neu trons) and con se quently sub jected to grad ual crys tal lat tice deg -
ra da tion. In this ar ti cle, the 6H-SiC crys tal dam age has been sim u lated by the im plan ta tion of 
4 MeV C3+ ions in the (0001) ax ial di rec tion of a sin gle 6H-SiC crys tal to the ion fluences of
1.359×1015 cm–2, 6.740×1015 cm–2, and 2.02×1016 cm–2. These im planted sam ples were sub se -
quently an a lyzed by Rutherford and elas tic back scat ter ing spec trom e try in the chan nel ing
ori en ta tion (RBS/C & EBS/C) by the us age of 1 MeV pro tons. Ob tained spec tra were an a -
lyzed by chan nel ing sim u la tion phenomenological com puter code (CSIM) to ob tain quan ti -
ta tive crys tal dam age depth pro files. The dif fer ence be tween the po si tions of dam age pro file
max ima ob tained by CSIM code and one sim u lated with stop ping and range of ions in mat ter
(SRIM), a Monte Carlo based com puter code fo cused on ion im plan ta tion sim u la tion in ran -
dom crys tal di rec tion only, is about 10 %. There fore, due to small pro file depth shifts, the us -
age of the it er a tive pro ce dure for cal cu lat ing crys tal dam age depth pro files is pro posed. It was
shown that pro files ob tained by it er a tive pro ce dure show very good agree ment with the ones
ob tained with CSIM code. Ad di tion ally, with the in tro duc tion of chan nel ing to ran dom en -
ergy loss ra tio the en ergy to depth pro file scale con ver sion, the agree ment with CSIM pro files
be comes ex cel lent.
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IN TRO DUC TION

Rutherford and Elas tic Back scat ter ing Spec -
trom e try in the chan nel ing ori en ta tion (RBS/C &
EBS/C) are ion beam anal y sis char ac ter iza tion meth -
ods that are widely used, among other things, for the
in ves ti ga tion of crys tal lat tice dam age [1, 2]. Be sides a 
good sen si tiv ity, sim ple sam ple prep a ra tion and neg li -
gi ble sam ple de struc tive ness, RBS/C & EBS/C are
meth ods with good depth res o lu tion. Namely, in the
case of dam aged crys tal lat tice back scat tered chan -
neled ions carry ad di tional in for ma tion about the num -
ber of dis lo cated lat tice at oms as well as their crys tal
depth. Hence, it is pos si ble to ob tain quan ti ta tive depth 

dis tri bu tion of crys tal dam age [3]. This is im por tant,
es pe cially in the field of nu clear tech nol ogy, where the 
in ter ac tion of en er getic par ti cles with nu clear ma te ri -
als is fre quently in ves ti gated [4-6].

Dam age depth dis tri bu tion can not be ob tained di -
rectly from the RBS/C & EBS/C spec tra (in fur ther text
BS/C for the chan nel ing and BS for the ran dom mode). To
ex tract that in for ma tion, sev eral ap proaches were de vel -
oped. The first, sim pler ap proach is based on an it er a tive
pro ce dure, which sep a rates back scat ter ing spec tra yield
which orig i nates due to ion dechanneling pro cess, from
the one due to crys tal lat tice im per fec tions or dam age
[7-9]. For the it er a tive pro ce dure, the BS spec trum of the
un dam aged crys tal rep re sents a com pletely amor phous
struc ture, while the BS/C spec trum rep re sents a per fect
crys tal. By re cord ing the BS/C spec trum of the dis or dered
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crys tal and ap ply ing the it er a tive pro ce dure, the dam age
depth dis tri bu tion could be ob tained. The it er a tive pro ce -
dure is widely used for the in ves ti ga tion of dam age  depth 
pro file  only in  the  near-sur face  re gion (< ~1 mm) [10].
This lim i ta tion orig i nates from the fact that the en ergy loss
that chan neled ions ex pe ri ence is lower than for the
non-chan neled ones. This dif fer ence in en ergy loss pro -
cess it er a tive pro ce dure is not taken into ac count. How -
ever, for the crys tal depths close to the sur face, the dif fer -
ence in en ergy loss for chan neled and non-chan neled ions
does not lead to the ac cu mu la tion of sig nif i cant er ror, to
ham per the ac cu racy of it er a tive pro ce dure.

Dam age depth pro file can also be ex tracted from
the BS/C spec tra us ing com puter codes, most of ten
based on Monte Carlo (MC) sim u la tion method [11].
The MC codes sim u late an in di vid ual ion in ter ac tion
with a ma te rial, which re sults in very good ac cu racy.
De spite a good ac cu racy, cal cu la tions based on the
MC ap proach con sume a lot of com pu ta tional time on
each spec trum, which could last up to a few hours [10]. 
Also, the MC cal cu la tion some times re quires ini tial
pre con di tions, such as dom i nant de fect type, to ob tain
ac cu rate dam age pro files. Re cently, in the Lab o ra tory
of Phys ics, Vin~a In sti tute of Nu clear Sci ences, CSIM
phenomenological code for depth dam age pro file ex -
trac tion from BS/C spec tra was de vel oped [12]. The
pro ce dure is based on the BS/C spec tra fit ting by as -
sum ing the dam age depth pro file. The pro cess is re -
peated un til the sim u lated and ex per i men tal spec tra
over lap. In com par i son to the MC based codes, the
CSIM code is sig nif i cantly faster, cal cu lat ing the
quan ti ta tive crys tal dam age with out the pre con di tion
of know ing the types of crys tal de fects. The max i mum
in ves ti gated depth de pends only on the ex per i men tal
prob ing par ti cles. It was shown that CSIM pro vides
very good re sults for the crys tal dam age depth pro file
in the case of 4 MeV car bon ion im plan ta tion in di a -
mond [13] and 4 MeV car bon and sil i cone ions im -
plan ta tion in the sil i con car bide [3].

Sil i con car bide (SiC) is a well-known ce ramic ma -
te rial with unique physicochemical prop er ties such as
high ther mal con duc tiv ity, cor ro sion re sis tance, ex cel -
lent all-round me chan i cal prop er ties, and high ra di a tion
re sis tance [14, 15]. These prop er ties of SiC are the rea son 
for con tin u ous in ter est in SiC as a ma te rial for ex treme
ex po sure en vi ron ments like space [16, 17] and nu clear
re ac tors [18, 19]. Re gard ing nu clear tech nol ogy, SiC is
used as a struc tural ma te rial in both fis sion and fu sion re -
ac tors as clad ding ma te ri als [20, 21]. Due to con stant ex -
po sure to the en er getic par ti cles (fis sion prod ucts, neu -
trons, and al pha par ti cles) in re ac tor en vi ron ments,
deg ra da tion of SiC crys tal struc ture oc curs. In duced ma -
te rial wear and tear caused by crys tal swell ing and
amorphization, could lead to nu clear ac ci dents. Hence,
the in ves ti ga tion of SiC crys tal dam age and its quan ti fi -
ca tion is con trib ut ing to the tech no log i cal as pect of nu -
clear ma te ri als de vel op ment.

The neu tron dam age to the crys tal lat tice is of ten
sim u lated by the im plan ta tion of self-ions, C or Si ions in
our case, usu ally, to the or der of high fluences. There fore, 
ion ir ra di a tions are of ten used for the in ves ti ga tion of ma -
te ri als im por tant to nu clear re ac tor en vi ron ments [22,

23]. In pre vi ous BS/C spec tra stud ies of the 4 MeV C and
Si ions chan nel ing im plan ta tion in 6H-SiC sin gle crys tal
ir ra di ated with dif fer ent fluence, were in ves ti gated [3].
The BS/C spec tra were probed by the 1.725 MeV and
1.860 MeV pro tons. Us ing the CSIM com puter code
dam age depth pro files were cal cu lated. Ob tained pro files 
show very good agree ments with the SEM and mi -
cro-Raman (mR) anal y sis re sults, con firm ing CSIM code 
ef fi ciency. In this study, ad di tional BS/C spec tra of the
same 6H-SiC sam ple im planted by C3+ ions in chan nel -
ing mode were re corded us ing 1.000 MeV. The 1.000 
MeV pro tons were used as prob ing par ti cles to avoid
dom i nant res o nant nu clear re ac tions, 12C(p, p0)

12C at
1.731 MeV and the 28Si(p, p0)

28Si at 1.667 MeV, which
ap pear in the case of 1.725 MeV and 1.860 MeV pro tons. 
These nu clear res o nances sig nif i cantly in flu ence spec tra
yield [24]. In this ar ti cle, we will dem on strate that, in spe -
cial cases such as this one, it er a tive pro ce dure ob tained
crys tal dam age pro files show very good agree ment with
the ones ob tained by CSIM code, even at a few mi crom e -
ters of crys tal depth.

METH ODS AND PRO CE DURES

The chan nel ing im plan ta tion of car bon ions in
the (0001) ax ial di rec tion of the 6H-SiC sin gle crys tal
was con ducted at Rudjer Boskovi} In sti tute, Zagreb,
Croatia. For the ion chan nel ing ex per i ment, 1 MV HV
Tandetron tan dem ac cel er a tor in stal la tion with a
collimation sys tem of two ap er tures with 1 mm in di -
am e ter at a dis tance of  25 cm was used. The crys tal
align ment with the ion beam was achieved by 1 MeV
pro tons and the five-degree goniometer with an an gle
ac cu racy of 0.01°. A pro ton beam was used for align -
ment to min i mize the crys tal lat tice dam age. The crys -
tal po si tion for the chan nel ing ex per i ment was de ter -
mined by map ping the ion back scat ter ing yield for
dif fer ent sets of az i muthal and po lar an gles nearby
(0001) crys tal lo graphic ori en ta tion. The pa ram e ter set
with the min i mum back scat ter ing yield was used for
the chan nel ing ex per i ment. The back scat tered ions
were col lected by a sur face bar rier de tec tor placed at a
160° an gle rel a tive to the ion beam di rec tion. Dur ing
the align ment and im plan ta tion pro ce dures, the ion
beam cur rent  did  not ex ceed 9 nA to avoid over heat -
ing the sam ple. The chan nel ing im plan ta tion along the
(0001)  6H-SiC  crys tal  di rec tion  was con ducted us -
ing  4  MeV  C3+  ions.  The  im plan ta tion area was
about 1 mm × 1 mm. Fluences ap plied for each ex am -
ined sam ple were pre sented in tab. 1.

The BS/C anal y sis was per formed with the same
ex per i men tal set-up as ion chan nel ing im plan ta tion.
The BS/C spec tra were probed by 1 MeV pro tons. Ad -
di tional BS/C back scat ter ing yield orig i nat ing from
crys tal dam age caused by the im planted im pu rity, in
our case self-ion (car bon), is neg li gi ble since the im -
planted con cen tra tion is less than 0.5 % (for high est
fluence) of crys tal atomic con cen tra tion. Hence, an in -
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crease in BS/C spec tra yield of im planted sam ples
com pared to pris tine sam ples, can fully be as cribed to
dam age caused by ion dis place ment due to pass ing the
en er getic par ti cles through the crys tal lat tice.

THE CSIM CODE

The BS and BS/C ex per i men tal spec tra are an a -
lyzed us ing the CSIM com puter code.  The re cently de vel -
oped CSIM com puter code is based on the
phenomenological ap proach [12]. The main func tion of
the CSIM code is the ex trac tion of the quan ti ta tive dam age 
depth pro file from the BS/C spec tra. The cal cu la tion pro -
ce dure is based on sim u la tion of the ex per i men tal BS/C
spec tra by ad just ing the dam age depth pro file un til a suf fi -
ciently good fit of an ex per i men tal spec trum is reached. In

or der to take into ac count the spec trum yield orig i nat ing
from the dechanneling pro cess the pris tine BS/C spec -
trum, a c2 minimization pro ce dure should be per formed.
From it the chan nel ing pa ram e ters a, the chan nel ing to
ran dom stop ping ra tio, xc, the dechanneling range, and k,
the dechanneling rate are de ter mined. For a more in-depth
de scrip tion of the CSIM com puter code, we re fer to the
study of Gloginji} et al. [3].

RE SULTS AND DIS CUS SION

The 1 MeV pro ton BS/C spec tra of 6H-SiC sam -
ples ir ra di ated with 4 MeV C3+ ions in (0001) crys tal
ax ial di rec tion are pre sented in fig. 1. All BS/C spec tra
are nor mal ized ac cord ing to the col lected charge and
sub se quently fit ted us ing CSIM com puter code to ob -
tain dam age depth pro files. The BS spec trum of a
non-im planted sam ple (S-rand) is shown in fig. 1(a).
Due to the mass dif fer ence of Si and C tar get at oms, a
typ i cal two step BS spec trum is ob served. The sur face
edge for C at oms is at 0.870 MeV (first step), while for
Si is at 0.720 MeV (sec ond step). The S-rand BS spec -
trum is fit ted both us ing CSIM (red line) and SIMNRA 
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Ta ble 1. Chan nel ing ex per i ment pa ram e ters – ion type,
en ergy and fluence

Sam ple Ion En ergy [MeV] Ion fluence [cm–2]

S-1 C3+ 4 1.359×1015

S-2 C3+ 4 6.740×1015

S-3 C3+ 4 2.020×1016

Fig ure 1. The BS/C spec tra probed by 1 MeV pro tons of; (a) S-ch and S-rand, (b) S-1, (c) S-2, and (d) S-3 sam ples



code [25] (blue line) to com pare re sults. The CSIM
and SIMNRA gen er ated spec tra show very good
agree ment be tween the two codes. Both fit ted spec tra
are ex hib it ing dis agree ment with ex per i men tal data at
the spec trum's low en ergy range. The rea son for this
dis cor dance can be found in the ex is tence of mul ti ple
ions scat ter ing events man i fest ing them selves in the
spec trum's low en ergy range as an ad di tional scat ter -
ing, which nei ther com puter code takes into ac count.

The BS/C spec trum of the non-im planted sam ple
(S-ch) is also pre sented in fig. 1(a). Us ing the pre vi ously
men tioned pro ce dure of c2 minimization pro ce dure, the
chan nel ing pa ram e ters are ob tained. The chan nel ing to
ran dom en ergy loss ra tio (a) has the value of 0.84, while
the dechanneling rate (k) and the dechanneling range (xc)
have the val ues of 0.32 mm–1 and 3.54 mm, re spec tively.
The CSIM fit ted S-ch spec trum ex hib its a very good
match with the ex per i men tal data. The BS/C spec tra of
im planted sam ples were also fit ted by CSIM code us ing
the afore men tioned chan nel ing pa ram e ter set (a, k, and
xc) and the re sults of the best-ob tained fits are pre sented
in fig. 1(b)-1(d). As it can be ob served, fit ted spec tra in
the spec trum's high en ergy range are show ing an ex cel -

lent match with the ex per i men tal ones. The dis agree ment 
oc curs at a low en ergy range, sim i larly to the pre vi ous
case, due to the ex is tence of the mul ti ple scat ter ing
events. The BS spec trum of the non-im planted sam ple
(S-rand) can be used to sim u late the BS/C spec trum for
the fully amorphized crys tal struc ture. Con se quently, the
greater the crys tal dam age the more the BS/C spec trum
of im planted sam ple re sem bles the BS spec trum of a ran -
domly ori ented crys tal. 

Dam age depth pro files ob tained from BS/C spec -
tra shown in fig. 1(b)-1(d) us ing the CSIM code are pre -
sented in fig. 2(a). Pro files show asym met ric shape with
a steeper edge on the side of higher depths and with the
max i mum  at  2.8 mm – 3.1 mm for  the  S-1  sam ple  and
2.8 mm – 3.0 mm for S-2 and S-3 sam ples. For the com -
par i son  pur pose,  SRIM  sim u la tion  of  4  MeV  C ion
im plan ta tion  in duced  dam age in  SiC is given. The
SRIM ob tained  dam age  depth  dis tri bu tion  is  pre sented  
in  fig. 2(a) to gether with ap pro pri ate CSIM pro files. The
max i mum dam age pro file ob tained by SRIM is at 2.69
mm and the pro file's edge on the side of higher depths is
even steeper in com par i son to CSIM ob tained pro files.
Hence forth, the crys tal dam age depth pro file in duced by
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Fig ure 2. (a) Dam age depth pro files ob tained by fit ting of BS/C spec tra probed by 1.000 MeV pro tons of S-1, S-2, and S-3
sam ples by CSIM com puter code; the CSIM pro files are com pared with the dam age pro file ob tained by SRIM sim u la tion
for 4 MeV C ion im plan ta tion in SiC; CSIM pro files of BS/C spec tra probed by 1 MeV pro tons are com pared with the one
probed by 1.725 MeV and 1.860 MeV pro tons (their av er age pro files) [3] for (b) S-1, (c) S-2, and (d) S-3 sam ples



chan nel ing im plan ta tion of 4 MeV C ions in 6H-SiC is
shifted to ward  higher  depths  (0.3  mm)  and  is  wider  by  
about 0.8 mm in com par i son to the dam age pro file in -
duced by im plan ta tion in ran dom.

The av er aged CSIM 6H-SiC dam age depth pro -
files probed by 1.725 MeV and 1.860 MeV pro tons are 
also shown in fig. 2(b)-2(d). These dam age pro files
were cross-checked by both mR and SEM anal y sis, in -
de pend ently, show ing very good agree ment. The dif -
fer ence be tween av er aged pro files probed by 1.725
MeV and 1.86 MeV pro tons and those probed by 1
MeV pro tons is re flected in the change of the dam age
in ten sity dis tri bu tion. This dif fer ence in creases with
the in crease of im planted fluence. How ever, the depth
of max i mum dam age and dam aged depth zone po si -
tions stay the same. The rea son for this dis crep ancy
be tween them can be found in the ex is tence of strong
res o nant peaks in the 1.725 MeV and 1.860 MeV BS/C 
spec tra orig i nat ing from 12C(p,p0)

12C and
28Si(p,p0)

28Si nu clear re ac tions at 1.731 MeV and
1.667 MeV, re spec tively. The ap pear ance of these
prom i nent res o nant peaks in the 1.725 MeV and 1.860
MeV pro ton BS/C spec tra, has a role of a unique en -
ergy marker dur ing the CSIM fit ting pro ce dure. The
ex is tence of the prom i nent min ima and max ima in the
BS spec trum lim its the num ber of pos si ble sets of
chan nel ing pa ram e ter val ues (a, k, xc) for which the
minimization pro ce dure can con verge to the unique
so lu tion. There fore, CSIM pro files ob tained from
1.725 MeV and 1.860 MeV pro ton BS/C spec tra have
higher ac cu racy. On the other hand, the ex is tence of
the prom i nent res o nance peak is not suit able for the it -
er a tive pro ce dure, be cause it needs a rel a tive pla teau
in the ran dom BS spec trum, which is used as a base for
dif fer en ti a tion, to min i mize the rel a tive er ror. So, for
the sake of com par i son with the it er a tive pro ce dure,
we will use CSIM pro files ob tained by 1 MeV BS/C
spec tra.

It was shown that the dif fer ence be tween the
max i mum of the dam age pro file for ran dom and chan -
nel ing im plan ta tion di rec tion was about 0.3 mm, that
is, about 10 %. The rea son for this rel a tively small dif -
fer ence be tween chan nel ing and a ran dom case could
be found in the size of the (0001) 6H-SiC ax ial chan -
nel. The chan nel size is taken to be a geo met ric fig ure
formed by the at oms of the wall of the crys tal chan nel
(chan nel nodes). Ac cord ing to the lit er a ture data for
6H-SiC(0001) and Si(110) ax ial chan nel di men sions
[26], the Si(110) chan nel is about 7.5 times larger than
the 6H-SiC(0001) one. Ad di tion ally, Kopsalis et al.
[27] have shown that in the case of 5 MeV O2+ chan -
nel ing im plan ta tion in Si(110), the dif fer ence be tween
ran dom and chan nel ing im plan ta tion dam age depth
pro file max i mum is about 1 mm or about 20 % of the
po si tion  of  its max i mum. There fore, by com par i son,
it  is  a  jus ti fied  ap pear ance  of  a  smaller  dif fer ence  of 
10 % in the case of the 6H-SiC(0001) chan nel in com -
par i son to ran dom ori en ta tion.

The main draw back of the it er a tive pro ce dure for
the de ter mi na tion of crys tal dam age depth pro files out -

side of the sur face re gion (usu ally less than 1 mm in
depth) is the dif fer ence be tween en ergy losses for chan -
neled and non-chan neled ions. How ever, in the case of
6H-SiC (0001) im plan ta tion, be cause of the small dif -
fer ence be tween ran dom and chan nel ing ion ranges, it
was pro posed that an it er a tive pro ce dure can be ap plied
for depths greater than 1 mm. The it er a tive pro ce dure
that was used in this pa per is de scribed in the study of
Zhang et al. [28]. In prin ci ple, the it er a tive pro ce dure is
based on the sep a ra tion of dechanneling con tri bu tion to
the ex per i men tal spec trum yield from the one caused by 
crys tal dam age. For each it er a tive pro ce dure cal cu la -
tion set, the BS/C spec trum of the im planted sam ple,
BS, and BS/C spec tra of a non-im planted sam ple of the
same crys tal are needed, fig. 3(a), for S-3 sam ple. Be -
fore the cal cu la tion of dechanneled con tri bu tion to the
spec trum yield (R) can be done, yields of BS/C spec tra
of im planted and non-im planted sam ples need to be
nor mal ized to the yield of BS spec trum of the non-im -
planted, pris tine, spec trum (N and V, re spec tively). Us -
ing the it er a tive pro ce dure, the value of R is then ob -
tained by [28]
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Fig ure 3. (a) BS/C spec tra of S-ch, S-rand, and S-3
sam ples. Smoothed curves (red line) for these sam ples
are also shown, (b) Nor mal ized yield of S-ch (V) and 
S-3 sam ples (N) by S-rand yield and re sult ing 
back scat tered dechanneling com po nent (R)
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where spp is the pa ram e ter as so ci ated with the
dechanneling cross-sec tion along a par tic u lar crys tal
chan nel and i chan nel num ber/en ergy. Its value can be
es ti mated in a spec trum re gion when the R curve over -
laps with the N curve, right af ter the crys tal dam age
spec trum re gion fig. 3(b). The spec trum yield com po -
nent orig i nat ing from the ion back scat ter ing on crys tal
dam age/im pu ri ties can be ob tained by sub tract ing the
val ues R from N for the same en ergy. The first step of
SiC BS spec trum yield orig i nates only from the Si at -
oms, how ever, the sec ond step orig i nates from both Si
and C at oms. There fore, a cor re spond ing cor rec tion to
the dam age yield must be done [28]. The dam age yield
from the first step in the BS/C spec trum was nor mal -
ized tak ing into ac count the sec ond step height. How -
ever, the sec ond, C, step causes prom i nent os cil la tions
in the it er a tive pro ce dure, which is dif fer en tial in its

na ture. To re duce these os cil la tions of two con se quen -
tial it er a tion steps, ex per i men tal spec tra were
smoothed be fore the it er a tive pro ce dure us ing an ad ja -
cent-av er ag ing method with 20 points per step.

The re sults of the it er a tive pro ce dure are pre -
sented in fig. 4(a)-4(c). Dam age yield in the re gion of
the first step is prac ti cally neg li gi ble. A ma jor ity of the
dam age yield is placed in the re gion of the sec ond
spec tra step. Due to dif fer ent atomic masses of Si and
C, the dam age yield for C and Si at oms (crys tal
sublattice) is shifted in spec tra. In the case of S-1 and
S-2 sam ples figs. 4(a) and 4(b) the con tri bu tion be -
long ing to C and Si sublattices is dis tinc tively sep a -
rated. The max i mum dam age yield for the C sublattice
of the S-1 sam ple is at 0.27 MeV, while for the S-2
sam ple is at 0.32 MeV. For Si sublattice, the max i mum
dam age dis tri bu tion is at 0.44 MeV for the S-1 sam ple
and at 0.47 MeV for the S-2 sam ple. How ever, in the
case of the S-3 sam ple fig. 4(c), it is not that straight -
for ward, since the high est im planted fluence con trib -
uted to the most pro nounced crys tal dam age re sult ing
in the over lap be tween dam age dis tri bu tions of both
sublattices. To ex tract con tri bu tion for each atom for
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Fig ure 4. Dam age yield curves fit ted with two asym met ric bands which rep re sent C and Si con tri bu tions for (a) S-1,
(b) S-2, (c) S-3 sam ples, and (d) sum ma rized re sult of con tri bu tion sep a ra tion from (a)-(c) with ap plied dam age yield
nor mal iza tion pro ce dure



all sam ples, a fit ting pro ce dure with two bands ap -
prox i mated with an asym met ri cal func tion has been
per formed
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where I rep re sent yield, I0 base line value, B am pli tude, x
en ergy/depth val ues, xc peak cen ter, and k1-3 val ues of
spe cific pro file widths. The us age of asym met ric func -
tion for ex trac tion of dam age yield is jus ti fied by the
asym met ri cal shape of the dam age pro file, which is
usual for ion im plan ta tion-in duced crys tal dam age, see
fig. 2(a), SRIM data sim u la tion. The dis con tinu a tions in 
the 0.67 MeV-0.74 MeV en ergy re gion of N-R dam age
dis tri bu tions re late to the abrupt in crease of spec tra
yield from C atom back scat tered. To avoid the in tro duc -
tion of un cer tain ties in fur ther crys tal dam age anal y sis,
the yield from this re gion was omit ted.

Con tri bu tions from C and Si crys tal sublattice to
the dam age have dif fer ent heights be cause of the dif -
fer ent val ues of their cross sec tions. To nor mal ize the
con tri bu tion for each sublattice, el e men tal BS spec tra
ob tained by SIMNRA spec trum from fig. 1(a) was
used. Par tial spec tra yield con tri bu tions for C and Si
sublattices are pre sented in fig. 5. Nor mal iza tion of the 
C and Si sublattice yield was done by us ing the char ac -
ter is tic value of C and Si con tri bu tion from fig. 5. The
yield from the Si spec trum step was nor mal ized to C
spec trum  step yield to make yield sep a ra tion orig i nat -
ing from dif fer ent el e ments. The sum ma rized re sults
af ter yield nor mal iza tion are pre sented in fig. 4(d). It
was ex pected that af ter dam age yield nor mal iza tion, C

and Si sublattices would have had sim i lar dam age
depth dis tri bu tions. In stead, dam age pro file in ten si ties 
man i fested in C and Si sublattices ex hibit a dif fer ence
of 12-17 % de pend ing on the sam ple. These dif fer -
ences can be as cribed to the mul ti ple scat ter ing pro -
cesses which man i fest themself at low spec trum en er -
gies where con se quently C sublattice spec tra yield is
more dom i nant. There fore, Si sublattice dam age pro -
files will be used for com par i son with CSIM ob tained
ones. With the in crease of im planted fluence, one can
ob serve the in crease of crys tal dam age and its spread -
ing to wards higher spec trum en er gies. This is in dic a -
tive of the so-called dy namic ef fect dur ing the chan -
nel ing ion im plan ta tion. Namely, with the in crease of
the im planted fluence, the crys tal chan nels de te ri o rate
caus ing more pro nounced en ergy loss that sub se -
quently chan neled ions ex pe ri ence, lead ing to shorter
achieved ranges and crys tal dam age shift to wards the
crys tal sur face. These re sults show good agree ment
with pre vi ous stud ies [3, 29].

Pre vi ously, the sep a rated dam age pro files vs. en -
ergy of back scat tered pro tons for each tar get atom were
pre sented. How ever, to ob tain a crys tal dam age depth
pro file, crys tal dam age vs. crys tal depth, the en ergy to
crys tal depth con ver sion has been done. This en ergy to
crys tal depth con ver sion is based on stop ping val ues for 
pro tons in the SiC taken from SRIM. The con ver sion
could be done by hav ing the same en ergy loss rate for
chan neled and non-chan neled ions, as is the de fault as -
sump tion for the it er a tive pro ce dure and its main draw -
back for higher crys tal depths, or with the cor rec tion
fac tor in the way of chan nel ing to ran dom en ergy loss
ra tio (a), which takes into ac count the dif fer ent en ergy
loss rates for chan neled and non-chan neled ions. In the
case of en ergy loss cor rec tion, the fact that at the same
crys tal depth there would be dif fer ent en ergy at which
pro tons would be un der go ing the scat ter ing event than
in the case with out, leads to dif fer ent val ues of scat ter -
ing cross-sec tions. There fore, along side the shift in the
crys tal depths of dam age pro files ob tained with and
with out en ergy loss cor rec tion, there would be a shift in
their height as well.

Dam age pro files ob tained by an it er a tive pro ce -
dure, us ing Si sublattice pro file, af ter en ergy-depth
con ver sion are pre sented in fig. 6(a)-6(c) to gether
with cor re spond ing CSIM pro files of 1 MeV pro ton
BS/C spec tra. For each in ves ti gated sam ple, pro files
are shown with out (a = 1) and with (a < 1) chan nel ing
cor rec tion fac tor. In the case of pro files with in cluded
cor rec tions, the value of a is taken to be 0.84 as was
ob tained by the c2 minimization pro ce dure us ing
CSIM. Dif fer ences be tween pro files with and with out
en ergy loss cor rec tion con cern ing the po si tion of pro -
file max ima are about 0.2 mm, i. e., about 7 %, while
the change to the pro file heights due to cor rec tion is
min i mal, less than 1 %. The CSIM dam age pro files
com pared with the pro files ob tained via it er a tive pro -
ce dure with en ergy loss cor rec tion (a = 0.84) show ex -
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Fig ure 5. De gree of the spec tra yield con tri bu tion for C
and Si sublattice ob tained from el e men tal BS spec tra by
SIMNRA sim u la tion of the spec trum from fig. 1(a)



cel lent agree ments, both for the max ima po si tion and
the to tal crys tal dam age, the dif fer ence in the de gree of 
crys tal dam age is less than 5 %. This is a con fir ma tion
of the suc cess ful us age of the it er a tive pro ce dure in
this spe cific case of BS/C spec tra anal y sis. The over -
view of all dam age pro files ob tained by an it er a tive
pro ce dure for a = 0.84 is shown in fig. 6(d). It can be
ob served that the trend of in crease of the crys tal dam -
age with fluence fol lows the one ob tained by the CSIM 
code as shown in fig. 2(a).

CON CLU SIONS

The BS/C spec tra re corded with 1 MeV pro tons
of 6H-SiC crys tal im planted in (0001) ax ial di rec tion
by 4 MeV C3+ ions are an a lyzed by CSIM com puter
code and by an it er a tive pro ce dure. Depth pro files ob -
tained by CSIM code show very good agree ment with
pre vi ously ex tracted dam age pro files from BS/C spec -
tra probed by 1.725 MeV and 1.860 MeV pro tons. Due 
to the small dif fer ence be tween dam age pro files in -
duced by im plan ta tion in chan nel ing and ran dom crys -
tal di rec tion, the it er a tive pro ce dure for anal y sis of

BS/C spec tra has been pro posed for greater crys tal
depths than those for which this an a lyt i cal method was 
com monly used. Crys tal dam age depth pro files ob -
tained by it show good agree ment with CSIM re sults.
These are fur ther im proved with the in tro duc tion of
the en ergy loss cor rec tion fac tor in en ergy to crys tal
depth con ver sion (a, chan nel ing to ran dom en ergy
loss ra tio ob tained by c2 minimization pro ce dure). In
this case, the agree ment be tween the it er a tive pro ce -
dure and CSIM pro files is ex cel lent, both re gard ing
the pro file max i mum po si tion and pro file height. We
have shown suc cess ful us age of the it er a tive pro ce -
dure in de ter min ing the crys tal dam age pro files for
greater depths than 1 mm in the case when chan nel ing
and ran dom im plan ta tion ranges do not dif fer too
much (in this case, the dif fer ence was about 10 %).
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Fig ure 6. Com par i son of dam age yield depth pro files ob tained by the it er a tive pro ce dure for a = 1 and a = 0.84 and CSIM
dam age depth pro files for sam ples; (a) S-1, (b) S-2, (c) S-3, and (d) comparative re sult for all dam age yield depth pro files
ob tained by an it er a tive pro ce dure
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UPOREDNA  STUDIJA  O[TE]EWA 6H-SiC  PROUZROKOVANA
IMPLANTACIJOM MeV-SKIH  JONA  PRI  ORJENTACIJI

KANALISAWA  KORI[]EWEM ITERATIVNOG  POSTUPKA  I 
FENOMENOLO[KOG  CSIM  PROGRAMSKOG  KODA

Zbog svojih jedinstvenih karakteristika, kao {to su ekstremna tvrdo}a i otpornost na
zra~ewe, silicijum karbid (SiC) koristi se kao va`an konstrukcioni materijal u okru`ewima
izlo`enim ekstremnim uslovima, poput onih u nuklearnim reaktorima. Kao takav, stalno je
izlo`en energetskim ~esticama (na primer neutronima) i posledi~no podvrgnut postepenoj
degradaciji kristalne re{etke. U ovom ~lanku, o{te}ewe kristala 6H-SiC simulirano je
implantacijom  4 MeV C3+  jona  u (0001) aksijalnom pravcu monokristala 6H-SiC, fluensima od
1.359×1015 cm–2, 6.740×1015 cm–2, i 2.02×1016 cm–2. Implantirani uzorci su naknadno analizirani
pomo}u Raterfordove i elasti~ne spektroskopije povratnog rasejawa pri orijentaciji
kanalisawa (RBS/C & EBS/C) kori{}ewem protona energije 1 MeV. Dobijeni spektri su
analizirani fenomenolo{kim programskim kodom CSIM (Chan nel ing SIM u la tion) kako bi se dobili 
kvantitativni dubinski profili o{te}ewa kristala. Razlika izme|u pozicija maksimuma
profila o{te}ewa dobijenih pomo}u CSIM koda i one simulirane pomo}u SRIM-a (Stop ping and
Range of Ions in Mat ter), programskog koda baziranog na Monte Karlo metodi koji je fokusiran na
simulaciju implantacije jona samo u nasumi~nom pravcu kristala, iznosi oko 10 %. Stoga, zbog
malih pomeraja dubine profila, predlo`eno je kori{}ewe iterativne pro ce dure za izra~unavawe
dubinskih profila o{te}ewa kristala. Pokazalo se da se profili dobijeni iterativnim
postupkom veoma dobro slaæu sa profilima dobijenim CSIM kodom. Pored toga, sa uvo|ewem
odnosa energijskih gubitaka za kanalisawe i slu~ajni pravac implantacije pri konverziji
energetske skale profila u skalu dubina, slagawe sa CSIM profilima postaje odli~no.

Kqu~ne re~i: Silicijum karbid, ra~unarska simulacija, iterativni postupak, RBS/C i EBS/C
..........................spektrometrija


