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We investigate the application of atomistic models of self-interstitial defects to the simulation of Rutherford
backscattering-channelingRBS-O spectra in ion irradiated Si. By the comparison of simulated and experi-
mental measurements, we verify the ability of different models, either of elementary interstitials or of small
clusters, to reproduce experimental spectra measured under different alignment conditions in Si lightly dam-
aged by Si ion implantation. A model system for RBS-C simulation is built by inserting a distribution of
defects in a supercell with size 6f10° atoms. The system is then structurally relaxed by the application of the
classical environment-dependent interatomic pote(E&lIP). After adjusting the defect distribution in order
to fit the (100 RBS-C spectrum, simulations are performed under the other alignment conditions investigated.
The scattering factors of defects are then extracted from both experimental and simulated RBS-C spectra and
compared. It is shown that the anisotropy of experimental damage is not compatible with a significant presence
of random(incoherenk disorder, but can be reproduced by some of the defect models under consideration: the
split(110) interstitial, the diinterstitial formed by the addition of an interstitial to the flit) interstitial,
and two different configurations of the four-interstitial aggregate; one formed by two close diinterstitials and
the other by the aggregation of four sgito0) interstitials. Due to the differeqtl00) scattering factors of the
four defect configurations which are found to reproduce experimental spectra, there is an inherent uncertainty
of a factor of 2 in the estimate of the amount of interstitialg b§0) RBS-C analysis. The agreement between
simulations and experiments is remarkable, considering that the method makes use of physical, although
empirical, models of defects, where the only adjustable parameter is the absolute concentration of interstitials.
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[. INTRODUCTION lated damage as eithég or random(but not for instance
tetrahedral defects allowed good simulation of the channel-

The introduction of impurities and lattice defects in crys-ing tails in as-implanted dopant profil&gzurthermore, our
talline Si by charged patrticle irradiation is a process widelyprevious reports on atomistic MC simulations of RBS-C
used to modify the technologically relevant properties of thespectra using elementary point deféts® have shown that
material. Improving the understanding and control of themodeling the damage ds interstitials structurally relaxed
transformations induced by this process has been for manyy empirical potentials reproduced well multiaxial RBS-C
years the main driving force for the investigation of radiationmeasurements of lightly damaged Si, whereas the assump-
defects in Si. tion of hexagonal I(y), tetrahedral 1), or random configu-

The Rutherford backscattering-channelingRBS-O rations of defects did not. The effect of defect induced strain
techniqué has been used for decades to characterize radian the response of RBS-C measurements, which had been
tion damage in Si. One distinctive feature of RBS-C is theaddressed mainly qualitatively in the pa3f;** was fully
possibility to identify atomic location of defects and hostincluded in our approach; we could therefore show that mod-
impurities by performing measurements under varyingeling the lattice relaxation around defects was a prerequisite
beam-target alignment conditions. In this case Monte Carlao obtain good agreement with experiments.
(MC) simulation of ion-channeling spectfa is often used Notwithstanding these results, it may be questioned if a
for determining the location of atoms displaced from regularmmodel based on simple point defects can be a reasonable
lattice sites. In previous studies of ion-implanted Si, resultsapproximation of the disorder produced by ion implantation.
have been explained with the assumption that radiation danit is commonly believed that elementary point defects are
age is in the form of split110) (Ig) interstitials*®°Early ~ mobile in Si at room temperatufé;therefore we would ex-
examples of this interpretation date back to more than 2@ect that only point defect aggregates, complexes, or amor-
years ag8:” More recently, discussing MC simulation of ion phous clusters are stable in room temperat(R&) as-
implantation in Si, it was found that modeling the accumu-implanted Si. While there is wide agreement on the
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configurations and energetics of elementary interstitials in Si,
the situation is quite different in the case of self-interstitial
clusters, for which many configurations have been proposec
in the literature. The purpose here is not to discuss the theo
retical models of defects, but rather to investigate the possi- &<
bility of interpreting RBS-C measurements in ion-implanted
Si with atomistic models of small self-interstitial clusters.
This is pursued by comparing experimental RBS-C spectre
and spectra simulated with a MC binary collision approxi-
mation (MC-BCA) code modified to include atomistic mod-
els of defects. We show how simulations are sensitive to the
atomic configurations of defects and determine what among
the proposed configurations can actually reproduce experi
ments within the uncertainties of the method. Our previous
resultd® have shown that the influence of vacancy defects, FIG. 1. Ball-and-stick models of the self-interstitial defects used
which induce a disorder much less effective on the RBS-Gor the simulation of RBS-C spectrét) elementary split-110) (1,
response than the one of interstitials, is of minor importanceor | g), (2) diinterstitial (1,), (3) triinterstitial (13), (48 modela of

We will therefore focus on Si self-interstitials, choose somefour-interstitial cluster (4,), and (4b) modelb of four-interstitial
candidate configurations of small clustérs with the num-  cluster (4,) (see text for more details on the structural mogels
bern of excess Si atoms in the range 1-4, introduce them i he defect configurations, produced for illustrating purposes, have

the simulation of RBS-C spectra, and compare simulation§een generated in a Si cell (¥00x10) lattice units and relaxed

whereas bulklike atoms are light gray. Figures were produced by the
free softwareatToMeYE (Ref. 33. The configurations of elementary
hexagonal [;) and tetrahedrall¢) interstitials, also used in this

IIl. EXPERIMENT work for the simulation of RBS-C spectra, are not reported.

A (100 float zonen-type 500) cm Si wafer was im-  hinding molecular-dynamics calculations performed in 512-
planted at room temperature with 180 keV Sbns ata dose  atom Si cells’ Besides EA's, DAS(dark gray balls in Fig. L
of 10 cm™2. These conditions produce a disorder distribu-include also the lattice atoms which, as a consequence of the

tion fully contained within a depth of 700 nm and with maxi- introduction of extra Si atoms, undergo large displacement
mum defect concentration of the order of a few atomic perfrom their bulk positions, forming bonds with EA$, (we

cent. The thickness of the profile makes it possible to analyzgi|| refer to it as eitherl, or I in the following is the
both the direct scattering and the dechanneling properties Qfe|l-known split{110) interstitial, composed of two four-
radiation defects using standard RBS-C analysis, while théyq coordinated DAs], (composed of three fivefold coor-
low disorder level allows us to stay within the relatively ginated DAY derives from the addition of one single inter-
simple assumption of weakly interacting defects. stitial to an I, defect; 1, (composed of four sixfold
BBS'C measurements were performedogsmz MeV'  coordinated DA% derives from the addition of another
He" beam and backscattering angle of 170° under the sevefngle interstitial to the , structure, which gives origin to a
axial (111), (112, (113, (100, (130, (120, (110 and  tefrahedral cage symmetrically embedded into the crystalline
the two planaf110 and{100} alignments. environment 4, is formed by two clos¢, defects. All these
Details of the measurement setup, which includes a Fargsonfigurations are obtained with @10y dumbbell defect
day chamber for absolute measuremeitscertainty in the  peing the fundamental nucleation catalyst. A different con-
yield ~2%), arereported in Ref. 16. Spectra of reference cept is the one behint, (composed of eight fourfold coor-
virgin and thick ion-amorphized Si samples were alwaysginated DA, which is formed by the agglomeration of four
measured together with spectra of implanted samples. split(100) interstitials on th¢100} plane®2ts underlying
building principle is that Si atoms must preserve their four-
fold coordination. For comparison purposes, RBS-C simula-
Ill. COMPUTER SIMULATION tions were also performed usiig andl configurations of
elementary interstitials.

The model sample for the simulation of RBS-C spectra
was prepared as follows. A Si supercell containing about
The procedure to introduce structurally relaxed point de2.2x10° atoms (1% 12x 1900 lattice units, the long side

fects in the simulation of RBS-C spectra has been describecbrresponding to thg001] direction perpendicular to the wa-
previously'® We have added here the possibility of including fer surface was populated using only one kind of defect at a
small self-interstitial cluster,, with the numben of excess time, according to a depth distribution profile given in input.
Si atoms(EA's) in the range 1-4. Figure 1 shows the ball- The interstitial concentration investigated in this work was in
and-stick models of some of the defects used in the presetite range 1-3 % atomic fraction. A depth profile of single
work. The initial coordinates of the defective atofiZA's) vacancies, equal to the one of EA's, was inserted to balance
which form each cluster were taken from the results of tightthe total number of EAs. The exact defect locations at a

A. Building Si supercells containing structurally
relaxed defects
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certain depth were chosen at random, taking into account all
the possible orientations of defects in the Si lattice and under
the constraint that cluster-vacancy, cluster-cluster, and
vacancy-vacancy distances were the largest compatible with
the local concentration of defects. These minimum distances
depend on the defect type and concentration; in our case they
varied between 4 and 5 A. The constraint on mutual dis-
tances minimizes the interactions which can modify the
number and type of defects upon relaxation, thus ensuring
that the simulated RBS-C response is characteristic of a well-
defined defect type.

An energy minimization procedure at constant volume FIG. 2. Experimental and simulated RBS-C spectra of virgin
and using periodic boundary conditions was applied to theind RT ion irradiated S{180 keV Si ions, dose 1¥ Si cm?).
supercell(more details on the procedure can be found inThe simulation of the ion irradiated sample is the one done with the
Refs. 10 and 22 In this work we have used the ED{Refs. = model of single split110) (Is) point defects, using the interstitial
23 and 24 empirical potential, which is known to give a depth profile labeleds in Fig. 3.
good description of local bonding in bulk defects and disor-
dered phases of Si. For a discussion of the influence of the A source of uncertainty of the method is the uncertainty in
model potentials on the results obtained for single interstithe configuration of defects as optimized by the EDIP poten-
tialS, the reader is referred to Ref. 10. We mention that, fromiaL The direct app”cation of more exaab initio or semi-
the point of view of the response of the RBS-C simulations empirical quantum mechanical calculations to a system as
the results obtained with enVironment-dependent interatomirarge as our simulation Superce”s is C|ear|y not feasible. To
potential(EDIP) were very similar to those obtained with the jnvestigate the sensitivity of RBS-C simulation to the defect
Tersoff® Il potential. On the other hand, we observed thatoptimization method, we deve|0ped a procedure for ualmg
some of the defect clusters reported in Fig.I3,(l3, and  jnitio optimized!g within the RBS-C simulation. We chose
l42) Were not stable when using the Stillinger-Wellgro- | because it is known to be reliably optimized by a first-
tential for relaxation. principles method. The purpose is to compare the results
obtained with the EDIRy and those we have found out in-
troducing quantum mechanical effects in the model of the
defect. In order to reach this goal, we performed calculations

RBS-C spectra of the relaxed supercells with defects wergithin the framework of the local-density-functional theory
simulated with the computer codmsic,>® in which full  (DFT-LDA), using norm-conserving pseudopotenfialand
calculation of Hé trajectories is performed according to the a 16 Ry kinetic-energy cutoff. The geometry lefwas fully
MC-BCA method. Using the concept of close encounterrelaxed® in a periodically repeated supercell containing 216
probability’ and approximating the path of a backscatteredattice sites. The Brillouin zone was sampled using the
ion with a straight trajectory, the program calculates the yieldooint. A cluster containing the defect and a number of neigh-
at the detector as a function of backscattering energy. A desoring atoms sufficient to include the strained region which
scription of the program can be found in Ref. 16. As a pre-gives nonnegligible contribution to the ion backscattering
liminary step, we verified that simulations accurately repro-yield was then extracted from the small cell and used to
duced reference spectra of undamaged and thick amorphopspulate the large RBS-C supercell. In order to preserve the
Si samples measured under all beam-sample orientations istructure optimized with DFT-LDA, no relaxation was ap-
vestigated. For comparison purposes, RBS-C simulations gflied to the supercell before RBS-C simulation. The limit of
ion-implanted Si were performed using also the randonthis procedure is that, in order to avoid overlapping of the
model of damage. In this case a self-interstitial/vacancy paistrained regions around DHAE, the maximum allowable
is created by displacing an atom at random from its latticeconcentration of defects is quite 10W0.8—0.9%. This
site, without introducing any distortion in the surrounding makes such a “cut-and-paste” approach not feasible for the
crystal. This model, although unphysical, is important as asimulation of our experimental sample, which has a maxi-
reference, being used in the two-beam approximaficghe ~ mum defect concentration of the order of 1—2 %. Therefore
standard method for the extraction of disorder profiles fronthe procedure was just used for the comparison test, per-
RBS-C spectra. formed on a model system populated by a uniform 0.89%

Since RBS-C analysis dfLl00) Si is typically performed atomic concentration of DFT5. The concentration offg in
under the(100) alignment, as a first step we determined thethe EDIP relaxed supercell was first adjusted to give the
depth distribution of interstitials which reproduces the ex-same(100) RBS-C yield of the DFT5. A slightly smaller
perimental(100) RBS-C spectrum for each of the defect concentration(0.82%) was necessary, thus indicating a
models investigated. Figure 2 shows the example of the fitslightly higher scattering efficiency of the EDIR-in the
ting obtained in the case of elementdrydefects. Damage (100 alignment. The yield$énot shown of the spectra simu-
distributions as obtained by the fitting of the experimentallated with the two defect models under all other axial and
(1000 RBS-C spectrum were then used for the simulation ofplanar alignment conditions and using the two concentrations
spectra under the other alignment conditions. above were equal withit: 6%. This result demonstrates that
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(Fig. 2 with the different models of defects investigated. )
alignment

EDIP45 and DFT4g models show very similar behavior FIG. 4. Scattering factors of defects in the different alignment

from the point of view of RBS-C analysis. conditions, normalized to the scattering factor in ¢a60) orienta-
tion (f/f100), extracted from experimental spectra and from spec-
tra simulated with three different configurations of point defects:

IV. RESULTS AND DISCUSSION split100 (lg), hexagonal Ky), and tetrahedral If) self-
interstitials. The signature of the random defect model is reported
A. Determination of defect distributions for comparison.

Figure 3 shows the depth distribution profiles of self-
interstitials, or EA's, resulting from the fitting of the experi-  Given the high number of defect models and orientations
mental{ 1000 RBS-C spectrum with the different defect mod- investigated, some data reduction procedure is needed to
els investigated. As mentioned above, each fitting issynthesize the comparison of experiments and simulations.
performed using only one kind of defects at a time. TheTo this purpose we have extracted the defect scattering fac-
differences among the curves, which may reach a factor 4prs (f, as defined in the basic theory of defect induced ion
depend on the differentl00) scattering efficiencies of de- dechannelin} at the depth of the damage peak Z00 nm
fects: the higher the number of interstitials needed, the loweaccording to Fig. 2 from the spectra simulated under the
the scattering efficiency of defects under 00 align- nine alignment conditions and for each defect model, and
ment. On the other hand, the shapes of the distributions afgave normalized these values to the scattering factor in the
practically the same, except from the profile of random de{100 orientation € 1qg). The f/f19g has been calculated
fects which is somewhat different from all the others. also for the experimental spectra, and the comparison of

Concerning random defects, we had already obsé?vedsimulated and experimentdl f ;o9 has been reported and
that they have a much lowéL00) scattering efficiency than discussed in the following section. The procedure to extract
| s interstitials; this is due to the fact that in ohg defect  f/f 199 from RBS-C spectra is described in the Appendix.
there are actually two DAs, and also to the strain induced ifThe trend off/f ;4 as a function of beam-target orientation
the neighborhood ofg by lattice relaxation. A low{100)  can be considered as a characteristic signature of defects.
scattering efficiency is observed also fgrand thel ; inter-
stitials. This is mainly a consequence of {1690y alignment;
in fact, both defects are strongly shadowed by {hé0 Si
rows. Actually, as pointed out in Ref. 10, most of theif0) Figure 4 shows the experimentdif 1o and thef/f 14,
yield is due to the distortion they induce in the surroundingextracted from the simulations performed with three configu-
lattice. Their scattering efficiency is much higher under otherrations of point defectd,s, |, I+, and the random defect
alignment conditions investigated, such as¢h&0). Onthe model. Since the random defect is spatially isotropic, its
opposite end there is thig, cluster, whose scattering effi- f/f 4y should be exactly 1 for all orientations. The average
ciency in the(100) alignment is significantly higher than the is actually close to 1, but, due to statistical and procedural
one of all other defects. Again, this is an effect of the orien-errors, the points deviate from this value. Their standard de-
tation; in fact, this defect displays a relatively lower scatter-viation (~16%) may be considered as an empirical estimate
ing efficiency under other orientations, such as, ¢(h&0 of the uncertainty of the data reduction procedure. Also, by
(see results in the following sectipn definition, f/f 109 =1 for the (100 alignment.

The above results clearly show that the absolute concen- The large difference between the experimental signature
tration of EA's extracted from th€100) RBS-C spectrum and the signature of the random defect demonstrates the an-
depends on the damage model. This is due both to the sp&sotropic nature of damage. A consequence is that amorphous
cific structural properties of each defect and to the fact thabr incoherent defect clusters should be a minor component of
the ratio between DAs and EAs varies with the defectdisorder. It is also evident that among the possible configu-
model. In fact, RBS-C is mainly sensitive to the amount ofrations of fully relaxed point defects, only displays a sig-
atoms heavily displaced from lattice sites, i.e., DAs. nature in agreement with the experiment.

B. Results of multiaxial analysis
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4 - value of the overall standard deviation. If we compare these
O--10 experimental overall deviations with the accuracy of the method, which
has been estimated to be about 16%, we conclude that the
deviations oflg, |4, 142, @andl, signatures are within or
close to the uncertainty of the procedure, whereas those of
I3, random defect,, , andlt are clearly out. Among defects
which havel g as a basic building blocK, is the only one
~ A which appears in significant disagreement with the experi-
1 HERFE -~ W = 3 ment. It is worth noting that,,, which obeys a building
criterion different from the one ofg, is the defect which
gives the best overall fit of multiaxial data.
These results indicate that there is not a unique defect
model compatible with experiments. We recall that in the
alignment present approach the absolute concentration of EAs is an
adjustable parameter, which may significantly vary depend-
FIG. 5. Scattering factors of defects in the different alignmenting both on the defect model and on the beam-target align-
conditions, normalized to the scattering factor in {i€0 orienta-  ment. For example, both,, andl,, defects are compatible
tion (f/f109), extracted from experimental spectra and from specyyith experiments, although giving absolute concentrations of
tra simulated with different models of self-interstitial clusters: di- EAs, as fitted on thé100) RBS-C spectrum, which differ by
interstitial (1,), triinterstitial (I3), and the two different a factor ~2. Further work will be necessary to examine
configurations of the four-interstitial aggregat,{(and ) re-  ore defect configurations, in order to better understand the
ported in Fig. 1. sensitivity and selectivity of the method.
It must be pointed out that the above results depend on the
In Fig. 5 the experimental/f 1oy is compared with the specific implantation condition investigated. The nature of
f/f109 values extracted from the simulations performeddisorder, described as small point defect aggregates, and the
with the differentl , (n=2-4) shown in Fig. 1. Here all the apparent absence of amorphous clusters are probably the
defects display similar signatures, each following more orconsequence of a process dominated by self-annealing and
less closely the trend of the experiment. The similarity isclustering of highly mobile defects under implantation. The
observed not only for defect configurations which hay@s  important role of self-annealing is evident if we compare the
building unit (I,, 13, andl,,), but also forl,,, which, as  maximum concentration of point defects determined in our
pointed out in the preceding section, is based on a differerdinalysis(1-2 at. %, depending on the defect ty@ad the
building criterion. Notwithstanding the similar qualitative maximum atomic concentration of defects calculated with
trends of the signatures, significant differences in the quanMC-BCA simulation of the ion-implantation process. In fact,
titative results exist. They are better pointed out in Table lusing eitherrRim (Ref. 30, or our simulation codeinG,3!
where the relative differences of experimental and simulatednd setting a threshold energy of atomic displacement of 13
f/f (109 values have been reported for all defect models aneV, we found a maximum defect concentration of about 15%
alignment conditions investigateexcept for the(100), for  for an implant of 180 keV, 1% Si* cm™2.
which, by definition,f/f ;09 =1). The last column of Table | Since there is practical interest to extend the atomistic
reports the overall standard deviations of the various defed®RBS-C simulation to samples implanted at higher doses,
models from the experiment, which measure the ability ofand/or with higher mass ions, it will be important to investi-
each defect to reproduce the full set of experimental dategate whether RBS-C spectra of more heavily damaged Si can
Defects have been ordered from the smallest to the largese simulated simply by increasing the concentration of point

(93]

<100> 4
{100} 4

TABLE |. Differences (in percent betweenf/f iy extracted from experimental RBS-C spectra and
f/f 109 extracted from spectra simulated according to different defect models, under the different channeling
conditions investigated. The last column reports, for each defect, the overall standard deviations of data.
Defects are ordered from the lowest to the highest values of the overall standard deviation.

(111 (112 (113 {110 {100 (130 (120 (110 o

lap -96 -55 -101 +52 -62 +101 +40 -187 106
lis -44 +35 -35 +54 +302 -29 +17.7 +76 136
l 4 ~105 +146 +37 +101 +31.7 +7.9 +224 +265 193
l, ~46 +140 +80 +21.2 +385 +25 +29.8 +11.0 21.0
s ~76 +29.2 +127 +236 +604 +140 +463 +26.3 34.0
Random -16.2 +20 —-328 —-256 -49.6 -342 -50.1 +328 365
lin ~7.8 +744 +345 +311 +60.7 +49.1 +67.5 +102.0 63.7
lir —1.9 +109.2 +47.4 +47.9 +79.9 +133.6 +89.8 +1252 955

165216-5



GIORGIO LULLI et al. PHYSICAL REVIEW B 69, 165216 (2004

defects and small aggregates, or if different models of el- ny(z)

ementary damage units will be required to that purpose. One X(2)=xr(2)+[1=xr(D)]—— T (A1)
key feature for the extension of the method is the behavior of

the empirical potential in describing the structural changesvhereN is the atomic density of the crystdljs the defect
which occur in heavily damaged Si as a consequence of thecattering factoffor randomly displaced atom$=1 under

interactions between closely spaced defects. all alignment conditions and yg(z) the dechanneled frac-
tion of the beam, which, in the single-scattering regime, can
V. CONCLUSIONS be approximated by
RBS-C multiaxial analysis of Si implanted at RT with Xr(Z)=xv(2) +[1—xv(z2)l{1—exd —ol(2)]}. (A2)

low-medium dose 180 keV Siions indicates that ion in- . ) )
duced disorder is strongly anisotropic, and therefore not !N Ed.(A2) x(2) is the normalized yield of the spectrum
compatible with a significant presence of amorphous clusOf the virgin crystal,o is the defect dechanneling cross sec-
ters. Atomistic simulation of RBS-C spectra shows that mostion andl(z) = [gny(t)dt is the integral of defects from the
of the small aggregated—4 interstitial$ having the split- surface to the depta Equation(A2) holds for low concen-
(110) defect as a basic building unit, when relaxed with thetration of defects(integral of defects<10"" cm™?). From
classical EDIP potential, reproduce, within the uncertainty ofthe dechanneling induced in 2 MeV Heions by a thin
the procedure, the defect scattering factors extracted frofdmorphous Si on Si crystalline substrétet is possible to
experimental spectra under a wide range of alignment corestimater=3x 10" cm?. Under this condition in E¢(A2)
ditions. The only case in significant disagreement with exwe can approximat¢l —exy —ol(2)J}=0l(2).

periments id 5. Also | 4, although based on the aggregation To estimatef at the position of the damage maximum
split100), shows good agreement with experiments. On thédrom Eq. (A1), we needyr(z), and to calculatgyr(z) from
other hand some of the defect models investigated k;,  Ed. (A2) we needol(z). At a depthz, sufficiently large,
I1) are not compatible with RBS-C measurements. This fachq(Zo) =0 [Eq. (A1)] and x(z0) = xr(2o), i-€., the measured
indicates either that these defects are not present in signifideld corresponds tar(zo). We can therefore use EGA2)
cant amount in the irradiated sample or that their structuralo extracto, which is given by

model is not correct. It is worth recalling that in the present

method, contrary to a usual practice in atomic location, we o= Xr(Z0) = xv(Zo) (A3)

do not adjust the position of atoms to fit RBS-C spectra. [1—xv(zo)]l

Defect configurations result from geometrical optimization

with the EDIP potential and are consistent with a physmal,l\Iote that in the case of simulated spectig(z) and| are

although empirical, model of defects. The only adJUStableknown, the former corresponding to the profile used to cal-

p_arameter is the absolu_te concentratilon of mterstltlals. C(.)néulate the RBS-C spectrum. On the other hand, for the ex-
sidering the defect configurations which are compatible with

) ) . ) ! erimental spectrumy(z) andl are unknown. We have seen
experiments, this concentration varies by a maximum factoP P a(2)

: . in Sec. IV A(Fig. 3 that the integrals of the different depth
';th kr)]%\r/]v:;n(th)e siigg:?ngtfiiizﬁgfg itr?(?[hlglvt\;%%;(lizl:ld profiles deduced from the simulations with different defect
4b -

; . . . .. models may vary, but their shape is almost the same. We can
ment. This factor is an estimate of the maximum uncertauntyre‘,;1sonab|y assume a similar shape for the “trug(z) of

in the absolute concentration of EA's obtained by our atom—the experimental spectrum: in this way the rati@)/| can
istic RBS-C analysis. b P ' Y

be evaluated at any depth. Substitutingrom Eq. (A3) in
Eqg. (A2) this ratio is just what is necessary to calculate

where nowl is the integral of the whole defect depth profile.
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f depends on the concentration of defects and on the
alignment condition. As described in Sec. IV A, we chose the
(100) experimental spectrum as the reference for fitting the

To compare the results of multiaxial measurements andepth profiles of different defectsee Fig. 3. Therefore, to
simulations we make use of the defect scattering fagtar get rid of the dependence éfon defect concentration we
characteristic property of defects as described in the basisimply normalize all scattering factors to the one obtained
channeling theory?’ In the framework of the two-beam for- for the (100) alignment ;).
mulation, for a given axial or planar direction, the normal-  The variation off/f 0y as a function of the crystallo-
ized RBS-C yield of a layer containing a concentration depttgraphic alignment can be considered as the signature of the
profile of defectany(z) is given by defects in the sample.

APPENDIX: EXTRACTION OF DEFECT SCATTERING
FACTORS FROM RBS-C SPECTRA
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