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Atomistic modeling of ion channeling in Si with point defects: The role of lattice relaxation
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We report the results of the simulation of ion-channeling spectra in a disordered silicon crystal, where lattice
relaxation in the neighborhood of point defects, calculated by the application of empirical potentials, is taken
into account. We show that, in general, the backscattering yield increases when the perfectly symmetrical
configurations of point defects in the unperturbed lattice are allowed to relax. The yield enhancement depends
on the potential used, the point defect type, and the beam-lattice alignment condition. A quantitative correlation
between the microscopic disorder and the macroscopic yield measured by ion channeling, has been determined
under the condition of a low concentration of weakly interacting point defects. The practical consequences of
introducing relaxation in the interpretation of Rutherford backscattering-channeling spectra are pointed out and
discussed. One important result is that if relaxation effects are neglected~as in damage models used so far!, the
amount of defects extracted from channeling analysis may be appreciably overestimated. The method devel-
oped here has been applied to the study of the damage distribution in the near surface of a Si sample implanted
with high energy ions. In spite of the simplified description of damage in terms of point defects, our prelimi-
nary results show that taking into account lattice relaxation in ion-channeling simulation allows simultaneous
fitting of backscattering spectra collected along different axial alignment conditions. The same result cannot be
achieved using the standard description based on unrelaxed defects.
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gy
ti-
s
s
es

e

u
tio

n
t

ic
ca
ow
f
al

si
a
ue
o
e
g
te
ll
ua
o

mes
the
-
ain
stal
-
ling

of

of
r the

au-
hich
of
iri-

of
last
lline
pic
be
re-

g
i-

s or
is-
I. INTRODUCTION

Due to its huge importance in microelectronic technolo
crystalline silicon is still one of the materials most inves
gated in the field of radiation damage physics. The goal i
improve the understanding and control of the mechanism
defect formation during irradiation with charged particl
~ions, electrons!, used nowadays as a standard process
modify the material properties by the introduction of eith
impurities or lattice defects.

The advances in atomic-scale computational techniq
have recently led to relevant progress in modeling radia
damage in Si. Classical molecular dynamics~MD! using em-
pirical interatomic potentials1–3 has enabled the simulatio
of the collision cascades, generated in Si by the impac
ions at energies up to some tens of keV.4–7 On the other
hand, more computationally intensive quantum-mechan
methods have been applied to the study of smaller-s
radiation-damage problems, such as the dynamics of l
energy recoils in Si,8,9 or of the fundamental properties o
simple defects~as concerns vacancies and self interstiti
see, for example, Refs. 10–19!.

Theoretical models of radiation damage are not ea
validated by experiments, since the interpretation of the m
roscopic response of structural characterization techniq
in terms of the amount and atomic-scale configuration
defects, is not straightforward. Experimental techniqu
based on x-ray diffraction and diffusion, or ion channelin
are indeed sensitive to the structural disorder in irradia
crystals. However, the simplified picture of defects usua
employed to interpret the measurements is often inadeq
to extract information on the microstructure of damage. F
0163-1829/2002/66~4!/045202~7!/$20.00 66 0452
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example, the simple elastic theory of point defects assu
that each Frenkel pair introduces a lattice expansion of
order of an atomic volume.21,20 If, according to this assump
tion, we estimate the number of defects from the lattice str
measured in an ion-implanted Si sample by double cry
x-ray diffractometry~DCXD! and compare it with the esti
mate obtained from Rutherford backscattering-channe
~RBS-C! using the standard two-beam model,22 we find that
the number obtained from DCXD is about two orders
magnitude smaller that the one given by RBS-C.23,24

Attempts to improve the microscopic interpretation
structural measurements have been recently reported fo
diffuse x-ray scattering~DXS! technique.25–27 To simulate
the DXS patterns from irradiated semiconductors, the
thors have assumed a microscopic model of damage in w
the relaxation of lattice atoms due to the introduction
point defects is simulated through the application of emp
cal potentials.

Similarly to x-ray based techniques, the response
RBS-C, one of the techniques most widely used in the
decades to characterize radiation damage in crysta
targets,28 depends on both the amount and the microsco
configuration of lattice defects. Different methods can
used to extract quantitative information from the measu
ments. Some are analytical,22,29 and mainly based on
Lindhard’s theory of channeling,30 others involve full simu-
lation of ion trajectories, which is typically performed usin
the Monte Carlo method within the binary collision approx
mation ~MC-BCA!.31,32 In some treatments,29,33 disordered
atoms are put at a certain distance from the atomic string
planes parallel to the incident beam direction. Such a d
©2002 The American Physical Society02-1
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placement distance, extracted as a fitting parameter, can
some hints about the configuration of defects.33 In our pre-
vious works based on full MC-BCA simulation,34,35 we
adopted the simple description of defects as atoms displa
at random around their original lattice site. This meth
shares with most approaches used so far the simplifica
that displaced atoms are surrounded by a perfect cry
Therefore, the lattice relaxation which occurs in the neig
borhood of a defect is not taken into account. Although a f
attempts to speculate about this effect have been made33,36

to the best of our knowledge no direct simulation of i
channeling in Si-containing relaxed configurations of po
defects has been reported up to this date.

In this paper we show the results of the simulation
RBS-C spectra in a Si crystal containing point defects,
laxed by the application of empirical potentials. In order
have a basis for a better understanding of defect analysi
ion channeling, we start from a relatively simple case, i.e
crystalline sample containing a low, uniform concentration~1
at. %! of point defects, namely vacancies and self interstiti
in equal numbers. Although the damage found in as irra
ated Si is actually more complex, the results for this sim
case give information on some fundamental aspects, suc
the sensitivity of the RBS-C response under different bea
lattice alignment conditions, to the relaxation induced by d
ferent kinds of defects and to the empirical potential used
model lattice relaxation.

Finally, as a first application of the model, we report t
analysis of experimental RBS-C spectra obtained from a
face layer, 1 mm thick, of a sample implanted at RT wit
high energy As ions, characterized by the presence of a
~a few atomic %! level of damage. Notwithstanding the a
proximated description of the damaged layer in terms
simple point defects, we show that the introduction of latt
relaxation allows us to reproduce simultaneously, assumi
single distribution of a specific kind of point defects~split–
^110& interstitials, plus equal number of vacancies!, the spec-
tra obtained under different crystallographic alignments. T
same multiaxial fit is not possible if we assume unrelax
point defects in the simulation.

II. COMPUTER SIMULATION

A. Simulation of Rutherford backscattering-channeling
spectra

The computer codeBISIC ~Binary collision simulation of
ion channeling!,34,37 used to simulate RBS-C spectra,
based on the MC-BCA method and follows the full thre
dimensional treatment of ion penetration in the crystal,
described in Ref. 38. Using the close encounter probabili31

and the Rutherford scattering cross section, and approxim
ing the backscattered paths with straight trajectories, the
gram gives as output the yield at the detector as a functio
energy, which can be directly compared with its experim
tal counterpart. The default procedure to describe lattice
order in the simulation is to displace atoms at random aro
their original lattice site, leaving the surrounding crystal u
perturbed. The method is similar to the one reported in R
39 for the simulation of ion implantation in crystalline S
04520
ive

ed

n
al.
-

t

f
-

by
a

s
i-
e
as
-

-
o

r-

w

f
e

a

e
d

-
s

at-
o-
of
-
s-
d

-
f.

The result is a pseudo-Frenkel pair, where the self interst
and the corresponding empty site~vacancy! are separated by
a distance which, according to the chosen displacement
tribution, is on average about 1.44 Å. We refer to these
fects as ‘‘random.’’ The method to extract damage profi
from RBS-C measurements is to vary the concentrat
depth profile of random defects in the simulation, until t
experimental RBS-C spectrum is reproduced. It is worth
minding that this method, although more accurate, gives
sults which are quantitatively similar to those obtained fro
the standard analysis based on the ‘‘two beam
approximation.34,22

In previous works36,40we have pointed out some mislea
ing results to which such a simplified picture of radiatio
damage may lead. For example, it is rather intuitive tha
we try to extract quantitative information from the RBS-
yield neglecting lattice relaxation, we will systematical
need a larger number of point defects to account for
dechanneling which is due to lattice distortion around defe
themselves.

To demonstrate these qualitative considerations, and
improve the picture of lattice damage used in the simulat
of RBS-C spectra, we have thus introduced atomistic str
tures of point defects calculated by the application of clas
cal empirical potential, as described in the following.

B. Point defects and lattice relaxation

The size of the Si supercell required for ion-channeli
simulation must be large enough to ensure a good statis
sampling of the damaged crystal and to avoid size depen
artifacts. For instance, if we use too small cells and replic
them to build the whole region crossed by the analyzing
beam, we introduce an in-depth periodicity which leads
anomalies in the RBS-C yield. We found that a choice wh
prevents the occurrence of such problems, is to use a l
building block containing;53105 atoms (93143500 lat-
tice units!, with periodic boundary conditions at the surface

Vacancies are obtained by removing an atom from its
tice site. The initial position of a self interstitial is chose
among the highly symmetrical hexagonal (I H), tetrahedral
(I T), or split-̂ 110& (I S) configurations in the unrelaxed la
tice. The cell is populated at random with equal numbers
self interstitials and vacant sites. In the present work we w
limit the analysis to a fixed, dilute concentration~1% atomic
fraction! of vacancy-interstitial pairs. We always kept a min
mum interstitial-interstitial and vacancy-vacancy distance
6.5 Å and a minimum vacancy-interstitial distance of 7
This allows us to minimize possible interactions, in partic
lar recombination or clustering of defects during relaxation41

In the following treatment we will refer to the number o
point defects as the number of Wigner-Seitz cells with oc
pation numbers of zero~vacancies! and two ~interstitials!.
According to this criterion, each of the configurations (I H ,
I T , I S , and the empty site! chosen to initially populate the
cell corresponds to one defect in the unrelaxed lattice.

To model the structural rearrangement due to the inser
of interstitials and vacancies, three different empirical ma
body interatomic potentials for Si were used: the Stilling
2-2
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Weber ~SW!,1 the Tersoff III ~TS!,2 and the environment
dependent interatomic potential~EDIP!.3 The capability of
these potentials to reproduce results calculated withab initio
methods varies according to defect type and property. In
present work, we were interested in investigating if, and
what extent, the response of ion channeling is sensitive to
model potential used to relax defects.

We adopted a static relaxation procedure at constant
ume and used periodic boundary conditions. To avoid a
facts that may arise from the perfect symmetry of the ini
defect configurations and from the use of a static relaxa
procedure~such as the possibility of the system to stop in
saddle-point configuration42!, we use the method of applyin
small random displacements both to the initial coordinate
the supercell~before relaxation!, and to the final atomic co
ordinates. In the latter case the perturbation is followed b
further relaxation step. The random displacements are ch
according to a Gaussian distribution, with 1D standard
viation ~0.0077 nm43! corresponding to the thermal vibratio
amplitude of Si atoms at room temperature. By perform
different trials for each initial and final configuration, usin
different random number generators for the displaceme
we found that the relaxed supercells are stable, in term
their formation energy and of the yield obtained from RBS
simulation, with respect to the perturbation of atomic co
dinates.

The relaxed configurations of self interstitials are in qu
good agreement with those calculated with more ex
quantum-mechanical methods, while for the vacancy we
not find a structure showing the inward relaxation of fi
neighbors, as foreseen in Refs. 10, 16, and 17. Indeed,
TS and EDIP potentials give outward relaxation, while f
the SW potential we find a structure very close to the und
torted ~ideal! vacancy. This could influence the calculat
RBS-C yield. In particular, when the supercell is relax
with the SW potential, the contribution of vacancies to t
yield will be underestimated. However, since the yield e
hancement due to an interstitial atom is much higher than
one induced by a vacancy, the inaccuracy in the descrip
of the latter is expected to play a minor role.

It is worth noting that in the ideal model system that w
are going to study, which is representative of a dilute dis
bution of point defects, the overlapping of the deformati
fields is small; therefore the relative contribution to dech
neling of the strained lattice around defects is expected to
maximized.

III. RESULTS AND DISCUSSION

A. Analysis of the model system

Simulations of RBS-C spectra were performed assum
a 3 MeV He21 beam, a backscattering angle of 170° and
~100! Si wafer as a target. Calculations were done for
beam aligned along three main axes, corresponding to
^100&, ^110&, and^112& lattice directions.

For the quantitative comparison of spectra, we use
minimum yield (xmin). Thexmin is defined as the ratio of th
integral of the RBS-C yield in the sample of interest to t
integral of the yield in the fully disordered~amorphous! ma-
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terial, both calculated in the same backscattering energy
terval, corresponding to a near surface layer, and leaving
the peak which originates from the first impact of ions on
the surface. According to this definition,xmin51 for an
amorphous target. For virgin, undamaged Si, the calcula
values ofxmin are 0.026, 0.016, and 0.032 for^100&, ^110&,
and ^112& alignments, respectively.

The first three samples for RBS-C simulation were p
pared by introducing self interstitials in theI T , I H , and split-
^110& (I S) configurations, respectively. In each case
equivalent positions and orientations were taken into
count, with equal probabilities. A fourth sample was pr
pared introducing a mix ofI T , I H , andI S , in equal amounts.
Vacancies were introduced in all samples to exactly bala
the number of self interstitials. In order to point out th
amount of extra yield due to defect-induced strain, RBS
spectra have been simulated both before and after relaxa
All the values ofxmin calculated for different alignment con
ditions, potentials used for the relaxation, and initial def
configurations, are reported in Table I.

As a general rule, we observe that except for the sam
populated withI H , analyzed alonĝ100& and relaxed with
TS or EDIP potentials, thexmin increases upon relaxation
The relative yield enhancement depends on the defect t
on the model potential, and on the alignment condition. T
most evident example of the effect of relaxation is theI T
defect. In the unrelaxed state,I T is invisible when observed
along the^100& direction, being completely shadowed fro
the lattice atomic rows. Therefore, thexmin of the sample
containing unrelaxedI T defects is equal to thexmin of virgin
Si. The atomic movements associated with relaxation lea
a condition where the atoms have a significant project
onto the ^100& channel, which explains the large increa
~about 50%! in xmin , observed for all model potentials.I S is
the defect which always introduces the largest yield increa
for all orientations considered. This result, which is mainly

TABLE I. Values of xmin ~expressed in % of random yield!
given by RBS-C simulation in a Si sample containing a 1% unifo
concentration of I-V pairs calculated for different self-interstiti
configurations and alignment conditions, and reference values
virgin Si. The analyzing beam is 3 MeV He21. Absolute statistical
errors of the simulation are 0.1 for virgin Si and 0.2 in all the oth
cases.

Virgin I T I H I S I T1I H1I S

Unrelaxed ^100& 2.6 2.6 3.6 4.0 3.3
^110& 1.6 3.3 3.8 4.6 4.5
^112& 3.2 4.0 5.3 5.4 5.1

TS ^100& 3.8 3.6 5.5 4.5
^110& 4.3 4.2 4.9 4.7
^112& 5.6 5.5 7.1 6.2

EDIP ^100& 3.7 3.6 5.1 4.4
^110& 4.5 4.5 5.0 4.9
^112& 5.6 5.6 6.7 6.0

SW ^100& 4.1 5.4 6.8 5.9
^110& 4.4 5.4 5.9 5.6
^112& 6.0 7.3 8.3 7.8
2-3
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consequence of the fact that two atoms instead of one
significantly displaced out of regular lattice sites, is observ
for both unrelaxed and relaxed samples.

As concerns the behavior of the different potentials,
find two clear trends. The first is that the TS and EDIP p
tentials produce relaxed supercells whosexmin values are
equal within the statistical errors: from the point of view
RBS-C analysis they may therefore be considered equ
lent. Second, we note that the increase of disorder upon
laxation with the SW potential is almost always larger~of an
average factor 1.2–1.3! than the one obtained with either th
TS or EDIP ones, independently of the alignment conditi
The only exception to this behavior is theI T defect, for
which the relaxation with the SW potential produces
RBS-C yield equivalent to that given by the other two. T
propensity of SW Si for the perfect tetrahedral coordinat
may qualitatively explain this behavior. In fact, very sm
atomic rearrangements are expected in the neighborhood
self-interstitial position (I T) which already corresponds to
preferred bonding configuration.

We explored different methods to quantitatively analy
the disorder in relaxed samples, with the purpose of es
lishing a correlation between a microscopic measure of d
age based on the analysis of the atomic displacement d
bution and thexmin determined by RBS-C. It must b
pointed out that the number of point defects, counted acc
ing to the Wigner-Seitz cell method, does not change u
relaxation. A criterion which also takes into account sma
perturbations in crystalline order is required. Details of t
analysis are reported elsewhere.41 The main result obtained i
that if the disorder of the relaxed supercells is measured
the number of atoms which are located outside the sphere
radius 0.45 Å centered around the original lattice si
~known as Lindemann spheres!, a monotonic and nearly lin
ear correlation is found between said disorder and thexmin
determined for all defect-potential combinations inves
gated. Data are reported in Fig. 1 for the three different ax
alignment conditions, where each point represents the ca
a population of single defects relaxed with one of the th
potentials. The points at zero disorder relative to virgin cr
tal are also reported. We observe a very good linear corr
tion for the analysis along thê100& and ^112& axes~corre-
lation coefficients 0.986 and 0.964, respectively!, while
under^110& alignment the point relative to the virgin cryst
shows appreciable deviation from the linear fitting cur
~overall correlation coefficient equal to 0.877!. The Linde-
mann radiusr L50.45 Å, which identifies a threshold t
mark the highly displaced atoms mainly responsible for
macroscopic RBS-C yield, is defined as the vibration am
tude of Si atoms at their melting point, calculated with t
SW potential.44 It must be pointed out that the Lindeman
sphere criterion is strongly correlated with the preexist
order of the perfect crystal. For this reason it is expected
work well in the case of low defect concentration, where
integrity of the underlying lattice is mostly preserved.

As concerns the dependence of results reported in Tab
on the different alignment conditions, if we look at the ra
of xmin of samples containing defects (xmin

de f) to thexmin in
virgin Si (xmin

v ), we observe that for both unrelaxed an
04520
re
d

e
-

a-
e-

.

n

f a

b-
-

ri-

d-
n
r
s

as
of
s

-
l-
of

e
-
a-

e
i-

g
to
e

I

relaxed defects the most sensitive orientation is the^110&,
followed by the^112& and thê 100&. This behavior has been
reported in Fig. 2, taking as an example the sample cont
ing a mix of point defects.

We have also examined how the yield increases as a fu
tion of lattice orientation, when going from unrelaxed to r

FIG. 1. RBS-C yield calculated for all single defect-potent
combinations reported in Table I as a function of the number
disordered atoms (Nd) counted according to the Lindemann sphe
criterion. The analysis is performed for each alignment condit
investigated. The points at zero abscissa~no disorder! are relative to
the virgin Si. Lines are the linear fits of data.

FIG. 2. Relative increase of the minimum yield with respect
virgin Si, due to introduction of a mix of 1% point defects, calc
lated for RBS-C along three main crystallographic directions. V
ues for unrelaxed samples, as well as for samples relaxed by
application of the TS, EDIP, or SW potentials, are reported.
2-4
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laxed defects. In Fig. 3 we have considered the case of m
defects as an example, and have reported the ratio of
yield of relaxed defects (xmin

rel ) to the yield of unrelaxed de
fects (xmin

unrel) for the three different alignment condition
Mixed defects show a trend similar to that already seen
I T , the largest yield enhancement occurring for the^100&
direction, followed by thê 112& and the^110&. The anisot-
ropy in the yield enhancement upon relaxation may influe
the interpretation of RBS-C spectra collected along differ
axial orientations. For example, it may not be possible
simultaneously fit the spectra along different axes, using
relaxed defects. Preliminary results obtained in the near
face region of samples implanted with MeV ions, reported
the following, confirm this expectation.

B. Analysis of an ion implanted sample: Preliminary results

Here we consider a Si sample implanted at nominal ro
temperature with 1014 cm22 3 MeV As ions. We have lim-
ited the analysis to a surface layer 1mm thick, where the
damage level is low, and the approximation of dilute defe
is better fullfilled. The~100! Si sample has been analyze
along the three crystallographic alignments^100&, ^110& and
^112& with a 3 MeV He21 beam, and a backscattering ang
of 170°. More details on the experimental setup can be fo
in Ref. 37. The spectra measured under^100& alignment are
reported in Fig. 4. We have tried to model the 1-mm-thick
surface layer of the damaged crystal, following the proced
outlined in the previous sections, i.e., by using only sim
point defects. To this purpose, a supercell with a size o
3531900 lattice units alonĝ100&, ^010&, and^001& crys-
tallographic axes, respectively, was generated, correspon
to '30 Å330 Å31 mm and containing about 43105 at-
oms. Since in the literature there is agreement about the
that I S is the most stable interstitial configuration in Si, w
decided to start the investigation usingI S point defects, plus
an equal number of vacancies, to simulate the damage.
simplicity, we have assumed a defect distributions funct
linearly varying with depth. In agreement with the simulati
strategy depicted above, we have always kept the dista
between defects at the largest values compatible with t
maximum concentration.

FIG. 3. Relative increase of the minimum yield for a samp
containing a mix of relaxed 1% point defects, with respect to
sample containing unrelaxed defects, for the three main crysta
graphic directions.
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First of all we have determined the defect distributi
which reproduces thê100& RBS-C spectrum for three dif
ferent cases: unrelaxed supercells, supercells relaxed with
TS potential, and supercells relaxed with the SW potent
For comparison, we have also reported the profile calcula
by the random defect model,34 as outlined in Sec. II A. The
resulting damage profiles are reported in Fig. 5. The
served differences are easily explained by the results alre
reported in the analysis of the model system. In particu
the larger amount of defects necessary when an unrela
lattice is assumed is due to the absence of strain, while
difference between the cases of relaxation performed w
the TS and SW potentials is due to the larger amount
strain generated by the latter. The largest overestimate g
by the random defect model is due not only to the lack

a
o-

FIG. 4. Yields ~absolute normalized counts! vs backscattering
energy obtained by RBS-C analysis performed with 3 MeV He21

ions and a backscattering angle of 170° under the^100& alignment.
The spectrum of the implanted sample refers to irradiation wit
dose of 1014 ions/cm2 3 MeV As21 ions. Random and virgin spec
tra are also reported for reference, the latter together with its si
lation ~dashed curve!. The double dashed arrow indicates the regi
of the spectrum which originates from the 1mm thick surface layer
of the material.

FIG. 5. Concentration of split interstitials plus vacancies ver
depth~expressed as the fraction of the total number of atoms! that
reproduces the experimental spectrum in the depth interval@0–1#
mm, along thê 100& alignment, according to three different dama
models: unrelaxed defects, defects relaxed with the TS poten
and defects relaxed with the SW potential. For comparison,
profile obtained from the standard random defect model~‘‘random’’
curve! is reported too.
2-5
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relaxation, but also to the procedure followed for positioni
disordered atoms. In fact, their displacement from latt
sites, chosen according to a random distribution, is, on a
age, lower than the one characteristic of the open-volu
symmetrical interstitial sites. For this reason they are
pected to give a smaller contribution to the increase
backscattering yield than unrelaxedI S defects.

We have thereafter tried to fit RBS-C spectra in the^110&
and^112& axes with the profiles of Fig. 5. The comparison
experimental and simulated spectra under the three a
ment conditions is reported in Fig. 6 for the two cases
unrelaxed defects~both I s and random!, and defects relaxed
with the TS potential. While a very good multiaxial fitting
obtained using the relaxed supercell, unrelaxedI S or random
defects fail to simultaneously reproduce the spectra unde
alignment conditions. Moreover, we have verified that a
possible combination of unrelaxed defects is unable to fit
experimental spectra as well. On the other side, superc
containingI S defects and relaxed with the SW potential gi
a good multiaxial fitting too, although in this case the es
mate of defect concentration is lower~Fig. 5!. The other
remarkable result is that the same multiaxial fit was not p
sible if usingI T andI H defects relaxed with either the TS o
SW potential. We have verified that in all cases, the unc
tainties in the calculated spectra due to the uncertaintie

FIG. 6. Results of the multiaxial fit of experimental RBS-
spectra performed with different damage models, using the di
bution of I S plus vacancies or of the randomly displaced atom
which reproduces thê100& spectrum~see Fig. 5!. Symbols refer to
the experimental spectra, lines refer to simulations.
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the energy loss of channeled He ions,37 are very small and do
not affect the fitting of experiments.

We can summarize the above results as follows:
~i! There is no simple combination of unrelaxed defe

capable of simultaneously reproducing RBS-C spectra al
different axes;

~ii ! Using relaxed defects, a multiaxial fit is possible, a
the amount of required damage depends on the potential~TS/
EDIP or SW! used to relax the supercell;

~ii ! The result is sensitive to the nature of the defect:
our case the only relaxed interstitial configuration whi
gives a good multiaxial fit of RBS-C spectra is theI S one.

Despite the simplicity of the model system used he
these results show that the improvement in microsco
modeling of point defects has led to an improvement in
capability of RBS-C to interpret implantation damage in S

IV. CONCLUSIONS

In the present work we have reported the modeling
RBS-C response from a disordered Si lattice in which
atomic rearrangement~relaxation! originated by the insertion
of a low concentration of simple point defects is modeled
the application of empirical potentials. The results repor
here, beside their impact on the basic treatment of
dechanneling due to point defects, are expected to have p
tical consequences in the qualitative and quantitative in
pretation of RBS-C spectra of irradiated crystals. First of
we have shown that lattice relaxation which follows the
sertion of point defects increases the disorder, giving app
ciable contribution to ion dechanneling. If relaxation effec
are neglected~as in the standard damage models used so f!,
a higher amount of defects in general must be assume
interpret RBS-C spectra. The enhancement in RBS-C y
has been shown to be dependent on the empirical pote
used to relax defects, on the type of defect, and on be
sample alignment. While the TS and EDIP potentials g
results which are equivalent within the statistical errors
the simulations, the yield enhancement given by the SW
tential is in general larger than the one given by the ot
two. It is noteworthy that this result differs from that foun
in the simulation of DXS patterns, which have been shown
be insensitive to the potential used to relax point defect26

The anisotropy in yield enhancement due to relaxation m
prevent a multiaxial fitting of RBS-C experiments with
single distribution of unrelaxed defects. Preliminary resu
obtained in the near-surface region of samples implan
with MeV ions have confirmed this hypothesis. In fact,
good simultaneous fit of thê100&, ^110&, and^112& RBS-C
spectra has been obtained only when using relaxed def
Moreover, it has been found that only a supercell popula
with relaxed split-̂110& self interstitials may reproduce th
experiments.

Radiation damage in ion-implanted Si is expected to
more complex than the model system considered here. N
ertheless, we have demonstrated that a description of d
der based on a more accurate model of simple point def
may give a consistent interpretation of multiaxial RBS

i-
,
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analysis of an ion-implanted layer containing a low level
disorder. The extension of the method to higher concen
tions and more complex configurations of defects will be t
matter of future investigation.
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