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Abstract

We review here the possibilities opened by a recent development of the Monte Carlo binary collision approximation
(MC-BCA) simulation of Rutherford backscattering spectrometry-channeling (RBS-C) spectra for the study of radia-
tion damage in monocrystalline materials. The ion implantation of silicon has been chosen as a case study. Atomic-scale
modeling of defect structures was used to determine the location of interstitial atoms in the host lattice. Among possible
candidate defects, we have considered the elementary hexagonal, tetrahedral, (110)-split interstitials, the Bond-defect
and one type of tetra-interstitial cluster. For each defect model a large Si supercell was populated with a proper defect
depth distribution and then it was structurally relaxed by the application of the classical EDIP potential. This model
system was then given as an input to the MC-BCA simulation code and the spectra corresponding to nine different axial
and planar alignments were calculated. For low defect concentration (a few atomic percent), the scattering yields are
strongly dependent on the orientation and a distinct signature characteristic of the limited number of allowed interstitial
positions in Si could be found. The comparison of simulations and experiments in the case of 180 keV self ion implan-
tation allowed the identification of the dominant interstitial defect whose structural properties are represented by the
split-(1 10) interstitial. By increasing the concentration of defects (and their mutual interaction) the technique looses
sensitivity and, at the same time, the contribution of lattice relaxation becomes important. Under these conditions,
although the RBS-C response becomes similar to the one obtained from a random distribution of displaced atoms,
the major structural features of a heavily damaged sample could be still observed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most peculiar features of the ion
channeling techniques is the high sensitivity to
the position of atoms displaced from regular lat-
tice sites [1]. These techniques are mainly used
to analyze a large class of small defects that are
not resolved by transmission electron microscopy.
As an example, when the signal of an impurity
can be separated from that of the matrix ele-
ment(s), triangulation procedures based on mul-
ti-axial experiments are commonly used for
foreign atoms location [2]. The interpretation of
data requires the support of Monte Carlo binary
collision approximation (MC-BCA) calculations
[3-5]. Standard simulation programs, in spite of
the high degree of sophistication in the descrip-
tion of the beam penetration into the crystal, suf-
fer a simplified description of defects. A deeper
physical insight on the actual location, structure
and binding properties of defects to the host lat-
tice is indeed necessary to improve our current
understanding of ion channeling experiments.
Investigations in this field can take advantage of
the recent great deal of atomic-scale modeling
of the structure of small defects [6,7]. In the case
of silicon, these studies have given relevant con-
tribution to the understanding of the phenomena
correlated to radiation damage [8] and, at the
same time, they have produced a proliferation
of computed defective structures in the literature.
Although somewhere it has been discussed quali-
tatively the correlation between defect models
and actual experiments [9,10], a quantitative
treatment of such a link is still missing. The pres-
ent work fits the above research scenario and is
specifically addressed to this feature. We review
the possibilities opened by a recent development
of the standard MC-BCA code, allowing for the
insertion of realistic defective structures within
the simulation procedure of Rutherford backscat-
tering spectrometry channeling (RBS-C) spectra.
The core of this calculation is a large supercell,
representative of a real sample, that it is popu-
lated with a proper depth distribution of a
previously calculated defective structure and then
it is structurally relaxed by the application of
classical potentials [11]. As an example of this

method, some experiments concerning the defect
recognition in Si implanted samples will be
reported.

2. Experimental and computer simulation

Two (100) float zone n-type 500 Q cm Si wafer
were implanted at room temperature with 180 keV
Si* ions at a fluence of 10'* cm ™ (sample A) and
10" cm ™2 (sample B). These conditions produce
a disorder distribution fully contained within a
depth of 700 nm and with the maximum defect
concentration located at about 200 nm. RBS-C
measurements were performed using a 2 MeV
He" beam, and a backscattering angle of 170°
under the seven axial (111), (112), (113), (100),
(130), (120), (110) and the two planar {110}
and {100} alignments. Details of the measurement
setup, which includes a Faraday chamber for abso-
lute measurements (uncertainty in the yield = 2%),
are reported in [12]. Virgin and thick ion-amor-
phized Si reference spectra were always mea-
sured together with the spectra of implanted
samples.

The model sample for the simulation of RBS-C
spectra was prepared as follows. A Si supercell
containing about 2.2 million atoms was populated
using only one kind of defect at a time, according
to a depth distribution profile given in input. To
balance excess interstitials and keep the number
of atoms constant, a depth profile of single vacan-
cies, equal to the one of interstitial atoms, was in-
serted. The exact defect locations at a certain
depth were chosen at random, taking into account
all the possible orientations of defects in the Si lat-
tice and under the constraint that cluster—vacancy,
cluster—cluster and vacancy-vacancy distances
were the largest compatible with the local concen-
tration of defects. An energy minimization proce-
dure at constant volume and using periodic
boundary conditions was applied to the supercell
(more details on the procedure can be found in
[11]). In this work we have used the environ-
ment-dependent interatomic potential (EDIP)
[13] classical potential, which is known to give a
good description of local bonding in bulk defects
and disordered phases of Si.
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Five different defect models have been consid-
ered: the elementary hexagonal (/y), tetrahedral
(It), (110)-split (Is) interstitial, the Bond-defect
(BD) and the Iy, cluster, which is formed by the
agglomeration of four split-(100) interstitials on
the {100} plane [14]. The initial coordinates of
the defective atoms were taken from the results
of tight-binding molecular dynamics calculations
performed in 512-atom Si cells [15]. The BD defect
[16] is considered to play an important role in the
amorphization process of silicon [17,18]. We do
not consider here the clusters I, (k=2,3,4) ob-
tained by the addition of (k — 1) interstitials to
Is, as we have already shown [19] that they give
more or less closely the same RBS-C response of
the simple /5. In addition to the above mentioned
models, simulations were also performed in the
framework of the random model where defects
consist of atoms randomly displaced from the ori-
ginal sites with no deformation induced in the sur-
rounding lattice.

RBS-C spectra of the relaxed supercells with de-
fects were simulated with the computer code BISIC
[5] in which full calculation of He trajectories is per-
formed according to the MC-BCA method. Using
the concept of close encounter probability and
approximating the path of a backscattered ion with
a straight trajectory in a random medium, the pro-
gram calculates the yield at the detector as a func-
tion of backscattering energy.

3. Basics of defects recognition by RBS-C

In order to understand the RBS-C response to
the different kind of defects and to plan the most
appropriate experimental procedures we make
use of basic channeling concepts. In Fig. 1 we
show the (100) and (110) projected distribution
P(r) of the lattice atoms as a function of the dis-
tance r from the regular lattice sites computed
for a supercell, obtained by 10 x 10 x 10 replicas
of the unit diamond cell, with one Iy interstitial
placed in the centre and structurally relaxed by
the EDIP potential. The distributions are averaged
over the equivalent orientations of the defect. All
the atoms displaced within » < p (p=0.11 A is
the 2D r.m.s. vibrational amplitude) do not inter-

Projections of the Split <110> interstitial
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SD LD <110>
5.7 atoms 2 atoms

b LD <100>

Fig. 1. (100) and (110) projected distribution P(r) of the
lattice atoms as a function of the distance r from the regular
lattice sites computed for a 20 x 20 x 20 atoms Si supercell with
one Is interstitial placed in the centre (see text and Table 1).

act with the channeled beam. For both alignments
a group of ~6 slightly displaced (SD) atoms is dis-
tributed in the range p <r < Ry where Ry = 0.45 A
is the radius of the Lindemann sphere [11]. The last
group (r > Ry) consists of the projections of the
two largely displaced (LD) atoms of the /s dumb-
bell. It is worth noting that the SD atoms are dis-
tributed within a volume of about 500 A® around
the interstitial. Interaction between Ig interstitials
is then expected for concentrations of the order
of 4%. A similar classification of the P(r) was al-
ready proposed by Weber et al. [9]. Their results
are only in qualitative agreement with those of
Fig. 1 as they used a different atomic potential.
The characteristic parameters of the projected dis-
tributions, for the defect models here considered,
are summarized in Table 1. As long as one isolated
interstitial is considered, each defect model will
produce characteristic projected distributions P(r)
resulting, in principle, in different RBS-C re-
sponses. We will examine this feature in the frame-
work of the two-beams formulation [20]. For a
given axial or planar direction, the spectrum yield
(normalized to the amorphous) at the depth z is
given by

1(2) = 1r(2) + [1 = xr ()" (2), (1)

where n* is the effective relative concentration
of scattering centres and yr is the dechanneled
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Table 1

The parameters of the (100) and (1 10) projected distributions of the lattice atoms P(r) computed for a 20 x 20 x 20 atoms Si supercell

with one defect placed in the centre

Defect (100) (110)
SD LD SD LD
nsp <"2> (Az) nLp (r) (A) nsp <r2> (Az) nLp (r) (A)
Iu 5 0.029 1 0.47 3.5 0.037 0.5 1.13
0.5 1.69
It 4 0.069 0 - 8 0.038 1 1.36
Is 6.7 0.030 2 0.84 5.7 0.035 1 0.78
1 1.23
Iy, 40 0.041 8 0.86 45 0.051 4 0.75
4 1.09
4 0.56 2 0.56
BD 2 0.020 2 0.88 1 0.029 1 0.75
1 1.13
Vacancy 4 0.022 0 - 2 0.033 0 -

nsp is the number of slightly displaced (SD) atoms (p < r < Ry ) characterized by a mean square displacement (1%). ny ;5 is the number of
largely displaced (LD) atoms (r > Ry) characterized by a mean displacement (r).

fraction of the beam. Usually, defects are consid-
ered as randomly distributed atoms in an unper-
turbed lattice and n* is given as an estimate of
the relative concentration of defects. Actually,
for a given interstitial model and a small concen-
tration of defects

n* = n4(fsp + fip), (2)

where ng is the relative concentration of defects
and fsp and fi p are the average scattering factors
of the SD and LD atoms respectively. For axial
alignment, the SD atoms contribution is given by

Jsp = nsp ZL: %, (3)

where ngp is the number of SD atoms per defect
and @(r) is the channeled ions flux distribution.
For small r [1]:

where rg is the channel radius. In the case of va-
cancy-type defects, only the SD atoms contribute
to the beam scattering. The LD atoms contribu-
tion is given, to a first approximation, by

fLDanDi%, (5)

r=Rp,

where ny p is the number of LD atoms per defect.
For directions with no cylindrical symmetry the
2-D flux and atom distributions must be used in
Eq. (9).

The validity of Eq. (2) has been verified by MC-
BCA simulation of 2 MeV He (100) channeling in
supercells populated with constant concentrations
of Ig interstitials (and vacancies) from surface to
400 nm depth. Simulations were also performed
on the same supercells by removing either the
LD atoms or the SD atoms (and replacing them
with ideal lattice atoms). In Fig. 2 the simulated
n* at the surface obtained by inversion of Eq. (1)
are plotted as a function of n4q. In this case yr
(z = 0) is equal to the virgin yield yv. The separate
contributions of LD atoms (dashed line) and SD
atoms (dotted line) are also displayed. In the whole
concentration range n” is exactly the sum of the
LD and SD contributions. Moreover, it can be
seen that the SD contribution is linear up to about
3%-4% I concentration. For higher concentra-
tions the approximation of a lattice distortion
localized around the defect fails. For a given defect
model, n* will be, in general, dependent on the
alignment, therefore the plot of the experimental
n* values as a function of the alignment can give
a signature of the defects present in the sample,
even if the most significant LD contribution can-
not be separated by the SD one in experimental
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Fig. 2. Effective relative concentration of scattering centres n*
(heavy line) as a function of the number of interstitials n4. The
data were extracted from the surface yield of the MC-BCA
simulated (100) spectra of different supercells populated with a
constant concentrations of I5 defects. The separate contribu-
tions of LD atoms (dashed line) and SD atoms (dotted line) are
also displayed.

data. Examples of the application of this formula-
tion will be given in the next section.

4. Application to real samples

In order to extract information from a RBS-C
spectrum it is necessary to have defect concentra-
tions exceeding 1%. At this level, interaction
among defects is already effective and some addi-
tional problems, not considered in the previous sec-
tion, should be considered. The inspection of
supercells populated with ny > 1% shows that,
under defects interaction, the number and the dis-
placement of the SD atoms increase and their
distribution becomes isotropic. Moreover, by
increasing the concentration, an increasing number
of SD lattice atoms undergo large displacements
thus entering into the LD population. On the other
hand, interstitial atoms slightly move from their
original position and, even if they essentially pre-
serve their identity, their projections become less
specific. In particular there is an evident evolution
of the It defect toward the Iy configuration, ener-
getically favored for the EDIP potential.

In Fig. 3 the (100) aligned RBS-C experimental
spectra of the virgin and damaged samples are

amorphous

sample B (1015 cm'2)

sample A (1014 cm? )

virgin

yield [ counts/ (uC msrkeV )]

2 MeV He" - Si <100>

0.1

T T T
800 900 1000 1100 1200
Energy (keV)

Fig. 3. 2MeV (100) RBS-C experimental spectra for the
samples implanted with 180 keV Si* ions at a fluence of
10" em~2 (sample A) and 10'> cm~? (sample B). The spectra of
a virgin and an amorphous Si sample are shown for
comparison.

displayed together with the spectrum of an amor-
phous sample. For each defect model, the simu-
lation program required different defect depth
profiles to fit the experimental (100) spectrum.
These defect depth profiles differ in the integral
but have the same shape. For each defect model
again, spectra were simulated for the other eight
alignments by keeping constant the defect depth
profile fitted on the (100) direction.

4.1. Low damage

For sample A, the n* were computed at a depth
of 200 nm, corresponding to the peak of the defect
depth profile, by inversion of Eq. (1); the proce-
dure employed to estimate the dechanneled frac-
tion of the beam has been described in [19]. The
concentration of interstitials (nq) ranged from 1%
to 4% depending on the defect model.

In Fig. 4 we show the experimental n* values as
a function of the alignment. As a reference, we also
computed the n* for the random model (f'=1). We
obtained a constant value within 16% standard
deviation and we used this figure as an estimation
of the uncertainty associated with the experimental
points. The plot has a characteristic shape that we
can identify as a signature of the defects present in
the sample; on the basis of the strong anisotropy
of the data we can exclude a significant presence
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Fig. 4. Effective relative concentration of scattering centres n*
extracted from the experimental spectra of sample A (squares)
and the simulated spectra for the Iy (heavy line) and /7 (light
line) defects as a function of the alignment. The dotted line
represents the isotropic response of the random model.

of amorphous regions in the sample. In Fig. 4 we
also show the n* values computed from the spectra
simulated with the Iy and the It models. The
points are connected with a light and a heavy con-
tinuous line respectively to guide the eyes. Our
choice of extracting the defect depth profiles from
the (100) experimental spectra is arbitrary and, in
general, this did not lead to the best fitting over the
whole alignments. For this reason, when required,
the simulated n* datasets were multiplied by a con-
stant value in order to have the same average value
of the experimental one (dotted line). This is equiv-
alent to slightly modify the n4 concentration in Eq.
(2). We can observe, as expected from the consid-
erations about the defect interaction, that the
supercells populated with Ii; and the It defects al-
most give the same signature, characteristic of the
Iy, site even if an evident difference still persists
along the (130) axis. This signature is clearly far
from the experimental data; in particular there is
no evidence of the strong response of the (110)
alignment with respect to the (100) and (I111)
ones, typical of the It and Iy defects.

In Fig. 5 we show the n* values computed from
the spectra simulated with the Ig (light continuous
line), the Iy, (heavy continuous line) and the BD
(dotted line) models. The first two models are
in agreement with the experimental signature,

0.12 T T T T T T T T T
0.10 1
0.08 1
*_ 0.064 b
c
0.04 1
0.02 J
0.00 T T T T T T T T T
AA A T AT A A A
2 5 % 2 8 8 8 B 38
\% v \ \ \% \ \
alignment

Fig. 5. Effective relative concentration of scattering centres n*
extracted from the experimental spectra of sample A (squares)
and the simulated spectra for the Iy, (heavy line), I5 (light line)
and BD (dashed line) defects as a function of the alignment.

whereas the BD dataset has two points outside
the error bars even if the general trend is similar.

The above results indicate that, at least in the
case of practical low concentrations of defects,
self-interstitial atoms in silicon (as modeled by
the EDIP potential) are spatially located in the
neighborhood of two sites, we may label as the
Iy-site and the Ig-site. In sample A we unambigu-
ously detected the presence of Ig-site defects. It is
worth noting that also in the case of the Iy, defect,
which derives from the aggregation of split-(100)
interstitials, the position of the LD atoms are close
to the Ig-site.

As the LD atoms give the main contribution to
the spectrum yield, we can conclude that the RBS-
C technique can clearly identify three groups of
defects (amorphous regions, Iy- and the Ig-site
interstitials). The possibility to discriminate among
the different defect models within a given group
needs instead further investigation. For a higher
selectivity one could compare the yield of the exper-
imental (4% uncertainty) and simulated spectra. In
this case none of the simulations based on the defect
models here considered could fit all the nine exper-
imental spectra within the errors even if both Ig the
I, were in reasonable agreement. At this level the
RBS-C seems to be very sensitive but the complex-
ity of the problem and the uncertainty connected to
the present defect modeling does not allow for
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exploiting the full potentialities of the technique. As
the atomic location can only give a partial answer
to the problem of defect recognition, the simulta-
neous use of different techniques, sensitive to either
the number of interstitials or the different proper-
ties of the defects, should be envisaged.

4.2. High damage

The extension of the procedures used so far to
the case of highly defective samples needs special
care and it is discussed in detail in [21]. A supercell
populated with a high concentration of defects and
relaxed by static minimization (equivalent to 0 K
molecular dynamics) may preserve too much mem-
ory of the initial configuration. In the case of the Ig
defect, for example, the energy of the simulated
sample already exceeds the energy of the amor-
phous phase for concentrations larger than 10%,
indicating that we are dealing with a highly meta-
stable system. Keeping in mind these limitations, it
is however possible to qualitatively analyze sample
B. For 200 nm depth, we compare the responses of
simulations based on both the I model (ng =2 17%)
as representative of the Ig family detected at low
fluence and the random model (ngq = 70%) with
the experimental ones. It is still possible to apply
the same formulation used for sample A, provided
that a proper dechanneling function is used [22].
The differences between the random and the Ig
model, as shown in Fig. 6, are small but still evi-
dent in the directions lying on the {100} plane.
Moreover, we can observe that the experimental
points are located between the two simulations
suggesting that simple defects and amorphous re-
gions could coexist. This hypothesis is in agree-
ment with the findings of [23,24] on a similar set
of implantation conditions.

5. Conclusions

We have reviewed a recent development of the
standard MC-BCA method, concerning the inser-
tion of realistic defective structures in the simula-
tion of RBS-C spectra. In the case of low-fluence
self-lon implantation of silicon we have demon-
strated that multi-axial measurements can unam-
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‘ = exp —IS‘
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Fig. 6. Effective relative concentration of scattering centres n*
extracted from the experimental spectra of sample B (squares)
and the simulated spectra for /s defects (light line) as a function
of the alignment. The dotted line represents the isotropic
response of the random model.

biguously discriminate among three classes of
small defects, characterized by their spatial loca-
tions. In particular, in the present experiment we
detected the presence of Is-site interstitials. In the
case of highly defective samples, even if the struc-
tural description of the system needs further inves-
tigation, we could argue the coexistence of simple
defects and amorphous regions. The encouraging
results suggest that other studies, such as the de-
fect-impurity interaction [25] and the annealing
of defects, could also benefit the synergy between
atomic-scale modeling and the ion channeling
techniques.
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