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Abstract

Rutherford backscattering channeling (RBS-C) spectra of ion-implanted Si are simulated according to an atomistic
model of radiation damage which consists of a distribution of point defects (split-(110) interstitials and vacancies)
structurally relaxed by empirical potentials. This model, successfully used to reproduce multiaxial spectra of lightly
damaged Si, is applied here to the case of a heavily damaged sample. As a consequence of the increasing strain gener-
ated by lattice relaxation, simulations predict a superlinear trend of RBS-C disorder versus defect concentration in the
range of intermediate damage density. This contrasts with the linear trend obtained by the usual description of defects
as atoms randomly displaced in a rigid lattice. The new approach represents an improvement in the physical description
of ion irradiation disorder within RBS-C analysis; however simulation results are found to be in less satisfactory agree-
ment with spectra of a heavily damaged sample than with spectra of lightly damaged material. The description of dam-
age as the result of the accumulation of simple point defects and the use of a static relaxation procedure instead of finite
temperature molecular dynamics, are two possible reasons to explain the present limitations in describing the structural
properties of heavily damaged, yet not completely amorphized, ion implanted Si.
© 2005 Elsevier B.V. All rights reserved.

PACS: 61.85.+p; 61.72.Ji; 82.80.Yc; 61.80.Jh

Keywords: Ton channeling; Point defects; Amorphization; Monte Carlo simulation

* Corresponding author. Tel.: +39 051 639 9145; fax: +39 051 639 9216.
E-mail address: lulli@bo.imm.cnr.it (G. Lulli).

0168-583X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
d0i:10.1016/j.nimb.2004.12.110


mailto:lulli@bo.imm.cnr.it

614 G. Lulli et al. | Nucl. Instr. and Meth. in Phys. Res. B 230 (2005) 613-618

1. Introduction

The Rutherford backscattering channeling
(RBS-C) technique [1] has been used for decades
to characterize damage induced by ion implanta-
tion in Si. Simple qualitative inspection of RBS-C
spectra is sufficient to compare disorder in differ-
ent samples or to determine whether an irradiated
crystal has been amorphized or has recovered its
crystalline structure upon annealing. However, a
more quantitative analysis, such as the evaluation
of the number of defects introduced by irradiation,
requires a microscopic model of damage and of
its effect on the dechanneling of analyzing ions
[2-4].

In a recently developed approach for the inter-
pretation of RBS-C measurements [5-7], spectra
were simulated by the Monte Carlo binary colli-
sion approximation (MC-BCA) method and dis-
order was described by atomic-scale models of
defects, structurally relaxed by empirical poten-
tials. It has been shown that distributions of
simple self-interstitial defects can account for the
anisotropic behavior of damage revealed by mul-
tiaxial RBS-C analysis of low-fluence implanted
Si, whereas this result cannot be achieved within
the usual assumption of randomly distributed
defect in a rigid lattice. The experiments analyzed
in previous works referred to defect concentra-
tions of the order of a few atomic percent, where
the interaction between defects is weak. In this
work we have investigated the application of
the model to high-fluence implanted Si, where
the peak RBS-C signal is close to the random
value.

2. Experiment

(100) Float Zone n-type 500 Q cm Si was im-
planted with 180 keV Si* ions at fluences of 10"
and 10" cm™2. RBS-C measurements were per-
formed using a 2 MeV He" beam, and backscatter-
ing angle of 170° under different axial and planar
alignment conditions. Details of the measurement
setup, which includes a Faraday chamber for abso-
lute measurements (uncertainty in the yield ~2%),
are reported in [8].

3. Computer modeling

The procedure for generating a computational
model of Si containing defects has been reported
in details elsewhere [5,7]. A large supercell of crys-
talline Si (12 x 12 x 1900 lattice units, the long side
corresponding to the [00 1] direction perpendicular
to the wafer surface), is populated with defects
(which can be single interstitials and vacancies or
small interstitial clusters) according to a depth dis-
tribution profile given in input. An equal profile of
vacancies is inserted, to balance the one of intersti-
tials and keep the total number of atoms constant in
the supercell. Defects are equally distributed among
all possible locations and equivalent orientations.
The resulting defect distribution does not include
at the moment heterogeneous clusters. The system
is then subject to a static energy minimization pro-
cedure according to the empirical environment-
dependent interatomic potential (EDIP) [9,10],
which is known to give a good description of local
bonding in bulk defects and disordered phases of
Si. The large size of the supercell required for
RBS-C simulation [5] does not allow the use of finite
temperature, full molecular dynamics (MD) for lat-
tice relaxation. Less computationally expensive sta-
tic optimization (equivalent to 0 K MD) is therefore
applied. We are aware that the disordered phase
resulting from static optimization may be energeti-
cally and structurally different from the one gener-
ated by finite temperature MD.

(100) RBS-C spectrum of the structurally re-
laxed supercell is simulated and compared with
the experimental one, and the input depth distribu-
tion profile of defects is adjusted until a satisfac-
tory agreement is achieved. The defect profile
fitted to the (100) spectrum is then used to simu-
late spectra under the other alignment conditions.
If good overall agreement is found in all directions
using the same profile, we can conclude that the
damage model describes well the structural proper-
ties of ion induced disorder. Using the (100) spec-
trum for fitting defect profiles is due to the fact
that this geometry is the one mainly used for
RBS-C characterization of ion implanted Si. A
true best-fit, involving the search for a profile
which minimizes the sum of deviations in all the
alignment conditions investigated, would be in
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principle more satisfactory, but also more difficult
to perform in practice. The consideration that the
method based on (100) fitting allows in any way a
good test of the structural model of defects, led us
to choose this simpler procedure.

For the purposes of the present work only two
defect models have been considered, namely the
simple split-(1 10} interstitials (/5) + vacancies (V)
and the standard random defects, the latter con-
sisting of atoms displaced at random from lattice
sites, with no distortion induced in the surround-
ing crystal. The Is has been previously demon-
strated to give a good overall fitting of multiaxial
RBS-C spectra in a low fluence implanted sample
[6,7], whereas the random defect model is impor-
tant as a reference, being widely used in data elab-
oration, and also because its isotropic features are
those expected for fully amorphous disorder.

4. Results and discussion
4.1. Damage accumulation model

In the low damage concentration regime consid-
ered in our previous works [5-7], defect—defect
interactions are weak and disorder can be schema-
tized as a distribution of simple defects, each one
surrounded by a strained region which does not
significantly overlap with the ones generated by
the others. With increasing damage concentration
the disorder in the originally perfect lattice sur-
rounding defects increases. To investigate this
point, we have built a model system containing a
uniform concentration of I+ V and performed
RBS-C simulations for increasing concentrations
of defects. Simulations using the random model
of defects were also performed for comparison.
Results of this analysis are reported in Figs. 1
and 2. The former shows examples of RBS-C spec-
tra obtained for two different damage concentra-
tions, the latter reports the normalized RBS-C
yield as a function of the concentration of defects.
Normalized yield is the integral of the spectrum in
the energy interval marked in Fig. 1, divided by the
integral of the amorphous spectrum. As expected,
the random model shows a trend which is almost
linear for low damage concentration, and turns
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Fig. 1. Simulated (100) RBS-C spectra of model systems
containing uniform distributions of structurally relaxed Is + V'
defects or of randomly displaced atoms in a rigid lattice (ran).
The reported examples refer to defect concentrations of 0.1 and
0.3 atomic fractions.
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Fig. 2. RBS-C yield (normalized to random) as a function of
the defect concentration in the uniformly damaged samples,
obtained from spectra simulated according to the defect models
under investigation. Normalized yield is calculated in the energy
interval marked by dashed lines in Fig. 1.

into sublinear when the RBS-C signal starts to sat-
urate (out of the range shown in Fig. 2). The model
of relaxed I5 + V shows instead a superlinear trend
at low-intermediate damage concentration. A de-
tailed analysis of the supercell [11] shows that the
number of lattice atoms displaced by defect induced
strain increases with increasing concentration of
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Is + V. At low concentration the amount of in-
duced displacements is relatively small, and so is
their contribution to the RBS-C yield. For a con-
centration of Is + V above ~4% the defect induced
deformation begins to push lattice atoms far from
their lattice positions. The contribution of these lar-
gely displaced (LD) atoms to the RBS-C yield rap-
idly increases, generating the superlinear trend
observed in Fig. 2. From Fig. 2 it is also possible
to deduce that, when lattice relaxation is taken into
account, the contribution of each defect to the
RBS-C disorder is larger than the one expected
from the model of randomly distributed defects in
a rigid lattice. As already discussed [12,13,5-7], this
has important consequences on the quantitative
evaluation of RBS-C data.

4.2. Analysis of heavily damaged Si* implanted Si

Following the same procedure used for the
analysis of the sample implanted at ten times lower
fluence [7], we have measured RBS-C spectra of
the sample implanted at the fluence of 10" Si*
cm 2 under seven axial and two planar alignment
conditions. Defect distribution profiles were ob-
tained by fitting the (100) spectrum according to
both relaxed I+ V' and random defect models.
These two profiles were then used to simulate
RBS-C spectra in the other alignment conditions.
Fig. 3 shows simulated and experimental spectra
of samples implanted at 10'* and 10" Si* cm ™
and analyzed under (100) and (120) axial align-
ments. The latter orientation has been taken as
an example because it was found to be very sensi-
tive to the difference between the two defect mod-
els. Dashed lines refer to the relaxed Is + V" model,
full lines to the random defect model. Virgin and
random spectra are reported for comparison.
Fig. 4 reports the defect distribution profiles (fitted
to the (100) spectra) corresponding to the two
models and fluences considered. Fig. 5 summa-
rizes, for the case of the sample implanted at the
fluence of 10" Si* cm™2, the deviations of the
two defect models from the experiment for all
the alignment conditions investigated. The devia-
tion is calculated as the difference between the
yields of the simulated and experimental spectra
in the region of the RBS-C peak (corresponding
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Fig. 3. Simulated (lines) and experimental (symbols) spectra of
samples implanted at 10'* and 10" Si* em™ and analyzed
under (100) (upper figure) and (120) (lower figure) axial
alignments. Full continuous lines refer to simulations per-
formed according to the random defect model, dashed ones to
simulations performed according to the model of structurally
relaxed Is + V (in the (100) alignment full and dashed lines are
not distinguishable, as they overlap almost perfectly).
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Fig. 4. Defect depth distribution profiles fitted to the (100)
spectra, corresponding to the two models and fluences reported
in Fig. 3.
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Fig. 5. Deviations of the two defect models from the experi-
ment for all the alignment conditions investigated, measured as
the difference between the yields of the simulated and exper-
imental spectra in the region of the RBS-C peak.

in Fig. 3 to an energy of ~1050 keV). Dashed hor-
izontal lines indicate the band of estimated exper-
imental error in the yield.

The agreement between simulations and exper-
iments in the upper part of Fig. 3 is the obvious
consequence of the fact that defect profiles (Fig.
4) have been fitted to the (100) RBS-C spectra.
As concerns the (120) alignment, we observe that
for the lower implantation fluence the model of
relaxed Is+ V' shows a satisfactory agreement
with experiment, whereas the random model lar-
gely underestimates it. The situation changes for
the higher fluence. As can be seen also in Fig. 5,
in most cases the measured RBS-C spectra fall
in between spectra calculated according to the
two models and sometimes, such as in the (120)
alignment, both simulations fall out of the esti-
mated error. The comparison with results of
low-fluence implanted sample, reported in [7,11],
shows that experimental disorder becomes more
isotropic with increasing fluence, but not enough
to be described by the fully random model of
damage. Actually, due to the increasing effect of
lattice induced strain, the model of relaxed defects
naturally predicts a more isotropic RBS-C
response with increasing concentration of disor-
der. However, this is not sufficient to reproduce

the experimental spectrum within the estimated
accuracy. The first possible explanation of this re-
sult is that the absence of defect clusters or
agglomerates may prevent a detailed description
of the heterogeneous nature of heavily ion-dam-
aged Si, where, according to electron paramag-
netic resonance (EPR) measurements [14], both
fully incoherent (amorphous) and heavily dam-
aged regions, coexist. The second hypothesis is
that the structure relaxed by static minimization
may preserve too much the memory of the I5 con-
figuration. To clarify these points work is in pro-
gress to (a) allow the introduction of
heterogeneous distributions of damage in the
model supercell, (b) perform finite temperature
MD to investigate the stability and structural evo-
lution of the heavily disordered phase.

5. Conclusions

In comparison with the model of randomly dis-
placed atoms in a rigid lattice, the model of struc-
turally relaxed point defects significantly improves
the physical description of damage used to inter-
pret RBS-C spectra of ion implanted Si. The strain
induced by lattice relaxation increases its contribu-
tion to disorder with increasing concentration of
defects, thus predicting a superlinear increase of
RBS-C disorder versus fluence in the low-interme-
diate damage concentration regime. Moreover,
this description allows good simulation of the
anisotropic behavior of damage in low-fluence im-
planted Si, where the random model fails. With
increasing damage concentration the model ac-
counts only partially for the reduced anisotropy
of damage. In this regime experimental RBS-C
spectra fall in between spectra simulated according
to the atomistic model of interstitials and spectra
simulated under the assumption of fully incoherent
damage. Possible reasons of this result are: (a) the
spatially continuous distribution of point defects
assumed in the model, which contrasts with the
possible presence of both heavily defective and
fully incoherent (amorphous) regions in the sam-
ple; (b) the limitation of the static optimization
method (as opposed to finite temperature MD)
which could preserve too much the memory of
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the configuration of point defects originally intro-
duced in the model supercell.
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