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In this work, several phenomena related to carbon ion implantation into Si(100) targets were simulated.
The investigation was performed using Crystal-TRIM code (crystal-transport and range of ions in matter) under
different conditions. In particular, we simulated the carbon profiles with respect to: (i) ions beam (energy, dose,
orientation); (ii) substrate (temperature, crystallographic orientation). Two particular cases were taken into ac-
count: (i) implantation of 80 keV C+ to a fluence of 2.7 × 1017 ion/cm2 at room temperature; (ii) implantation
of 40 keV C+ to a fluence of 6.5 × 1017 ion/cm2 at substrate temperature of 400 ◦C. For both cases, we used a
tilt angle of 7◦. Several results were obtained and compared with the Rutherford backscattering spectroscopy and
elastic recoil detection analysis results provided by literature.
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1. Introduction

Carbon ion implantation into silicon wafers is one of
interest preparation techniques of silicon carbide which is
a promising material in electronic industry. This is due
to its important properties: high thermal conductivity,
wide band gap, and high breakdown electric field. Con-
sequently, it is highly attractive for devices working at
high-temperature, high power, and high resistance [1].

Crystal-TRIM code is an interesting tool to study ion–
material interactions [2]. It is especially designed to
study ion implantation into monocrystalline substrates of
Si, Ge, or diamond. It is able to predict various phenom-
ena such as: depth profiles of ions and damage in targets,
nuclear and electronic energy deposition and channelling
phenomena of ions in case of different crystallographic
directions.

2. Theory of Crystal-TRIM code

2.1. Assumptions

Several assumptions are taken into account to study
theoretically the binary collision in Crystal-TRIM code.
It is based on several assumptions [3]. In particular,
(i) the target composition is supposed unchanged by ion
implantation, (ii) the velocity of target atoms is equal to
zero prior to the collision with projectile, (iii) the motion
of recoiled target atoms is not considered.

2.2. Inter-atomic potential

In case of very small distances between the nuclei,
the repulsive interaction is supposed to be essentially
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Coulombic. At greater distances, the repulsive poten-
tial V (r) can be obtained by multiplying the Coulombic
repulsion with a screening function ϕ(r/a) [4]:
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Z1, Z2 are the atomic numbers of the projectile and
the target, respectively. The quantity a is the uni-
versal screening length, a0 is the Bohr atomic radius
(a0 = 0.529 Å) and e is the charge of the electron
(e = 1.6 × 10−19 C). We note that the universal poten-
tial V (r) is reported to be a precise approximation for
many projectile target cases [4].

2.3. Damage accumulation

If Tn is the transferred energy from the projectile to the
primary-knock-on atom, this quantity is further trans-
ferred to secondary recoils by collision cascade. In the
collision projectile target atom, the nuclear energy depo-
sition is estimated by [3]:
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Tn and m2 are the nuclear energy loss and target atom
mass, respectively.

The electronic energy deposition is given by [3]:
Eel = ∆Eel + Tn − En. (7)
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According to En values, the number of displace-
ments Nd is computed using the “modified” Kinchin–
Pease model [5]:

Nd = 1 if Ed ≤ En < 2.5Ed,

Nd = 0.4 (En/Ed) if En ≥ 2.5Ed. (8)
For instance, the displacement energy Ed used for silicon
target is about 15 eV [6].

For a depth interval (x, x+ ∆x) of the silicon target,
the probability dpd that a carbon pseudo-projectile dis-
places a target atom from its atomic site is given by [6]:

dpd =
1

n

(
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∆x
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N

)
(1− pd) , (9)

where n is the atomic density of the target, D0 is the
implantation dose of C+ and N is the total number of
pseudo-projectiles considered in the simulation.

By integration of Eq. (9), the probability of atomic
displacement is estimated by [6]:

pd = 1− exp
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− 1

n

Nd

∆x
D′0

)
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where D′0 ≤ D0 [6]. During ions implantation, various
types of defects are created (vacancies, dislocations, and
local amorphous regions).

3. Results and discussion

3.1. Influence of ions beam parameters
on carbon depth profiles

In Fig. 1, we report the Crystal-TRIM simulation re-
sults obtained for different implantation energies. It is
clear that carbon range profiles are Gaussian-like distri-
bution which is logical since the simulation was run for a
tilt of 7◦. In other words, the target is seen as amorphous
with respect to carbon ions beam. Also, we can note that
the values of mean projected range (Rp) and straggling
(∆Rp) increases and curves become deeper by increasing
implantation energies. This is due to the fact that higher
energies allow the ions beam to penetrate deeper in the
substrate.

Fig. 1. Crystal-TRIM simulation results for depth pro-
files of carbon ions with different implantation energies.

Fig. 2. Crystal-TRIM results corresponding to carbon
depth profiles versus different implantation doses.

Concerning the effect of implantation dose, the simula-
tion has also provided Gaussian-like distribution. Indeed,
the variation of carbon range versus three different im-
plantation doses (1×1016, 5×1016 and 1×1017 cm−2) is
shown in Fig. 2. We note that the three curves have the
same values of the projected range (Rp) and the standard
deviation (∆Rp) (i.e. Rp = 146 nm and ∆Rp = 50 nm,
respectively) but exhibit different values of C+

max concen-
tration. This is logical since different doses have been
used.

Fig. 3. Crystal-TRIM results coresponding to carbon
depth profiles with different implantation tilt angles.

Concerning the tilt angle effect, Crystal-TRIM predic-
tions have indicated a huge carbon atoms canalisation for
the case of 0◦. As shown in Fig. 3, the shape of the range
profile for 0◦ tilt is not a Gaussian-like distribution wich
is due to channelling effect, whereas for 7◦ and 10◦ tilt,
the curves are similar (Rp = 147 nm; ∆Rp = 48 nm).
Therefore it is recommended to avoid the 0◦ tilt for ho-
mogeneous layers SiC elaboration.

3.2. Influence of temperature and crystallographic
orientation of substrate on carbon depth profiles

Crystal-TRIM code has a greater advantage with re-
gard to other codes because it takes into account the
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effects of temperature and crystallographic orientation
of the substrate. In Fig. 4, three different substrate tem-
peratures (25 ◦C, 200 ◦C and 400 ◦C) have been selected.
The simulation was run for two implantation energies
(50 keV and 80 keV) where we note that depth profiles
distribution does not depend on the temperature of sub-
strates. Rp is approximately equal to 145 nm and 222 nm
for 50 keV and 80 keV energies, respectively, whereas
the standard deviation is estimated to be about 48 nm
and 62 nm for the same energies.

Fig. 4. Crystal-TRIM simulation results for carbon
depth profiles, with different substrate temperatures, for
50 keV (a) and 80keV (b) implantation energies.

The effect of substrate crystallographic orientation has
also been studied in this work. In Fig. 5, 〈100〉 and 〈111〉
orientations have been selected because they are gener-
ally used for compound fabrication. As it can be seen,
〈100〉 orientation yields slightly deeper carbon profile
with respect to 〈111〉. This is logical since along 〈100〉 di-
rection, less substrate atoms number is knocked-on with
regard to 〈111〉 case.

Fig. 5. Crystal-TRIM simulation results for depth pro-
files of carbon atoms implanted in Si (100) and Si (111)
substrates.

3.3. Simulation of damage profile

As shown in Fig. 6, we note that the projected range of
damage Rd (Fig. 6a) was lower than the projected range
of carbon atoms Rp (Fig. 6b) which is in agreement with
literature [7].

Fig. 6. Crystal-TRIM simulation results for damage
concentration profile (a) and carbon atoms concentra-
tion profile (b).

3.4. Comparison of experimental and theoretical results

In this section, we have performed comparison between
the simulated and experimental results which have been
provided in literature [8]. Two particular cases have been
selected: (i) implantation of 80 keV C+ to a fluence of
2.7 × 1017 ion/cm2 at room temperature, (ii) implanta-
tion of 40 keV C+ to a fluence of 6.5 × 1017 ion/cm2 at
substrate temperature of 400 ◦C.

TABLE

Comparison of carbon depth profile parameters deter-
mined by Crystal-TRIM code (i.e. this work) with exper-
imental ERDA and RBS data provided by literature [8].

Method Depthmax [nm] Rp [nm] ∆Rp [nm]
80 keV C+ into Si(100)

Crystal-TRIM 250 226 64
ERDA 243 245 85
RBS 260 260 76

40 keV C+ into Si(100) at 400 ◦C
Crystal-TRIM 120 116 42

ERDA 131 127 55
RBS 150 150 59

Depthmax: the depth corresponding to Cmax,
Rp: the projected range,
∆Rp: the projected range straggling.

According to Table I, it is clear that Crystal-TRIM
code is an accurate program for ion implantation pre-
diction. Indeed, the simulated results (corresponding to
Rp, ∆Rp and depthmax) are in good agreement with the
experiment [8]. Moreover, it is clear that elastic recoil
detection analysis (ERDA) measurements are closer to
Crystal-TRIM results than the Rutherford backscatter-
ing spectroscopy (RBS) data. This is due to the char-
acteristics of the two methods. Indeed, the depth res-
olution for ERDA technique is reported to be about 10
to 20 nm [9], whereas for RBS analysis, the depth res-
olution is reported to be generally around 63 nm [2].
This means that ERDA measurements are more accu-
rate than RBS.

4. Conclusion

In this work, we have performed a simulation study of
several parameters corresponding to carbon ion implan-
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tation into silicon targets. It was found that the val-
ues of mean projected range (Rp) and straggling (∆Rp)
depended on implantation energies and substrates orien-
tation. Moreover, these values were not influenced by
implantation dose and substrate temperature. Further-
more, the shape of carbon depth profiles was a Gaussian-
like distribution with the exception of 0◦ tilt (i.e. ions
beam perpendicular to substrate) which was due to chan-
nelling effect. The comparison between our simulated
results and those provided in literature confirmed the ac-
curacy of the Crystal-TRIM code.
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