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The anguar distribution of B~ particles emitted by the radioadive isotope *Fe was monitored following
implantation into Si single crystals at fluences from 1.4x10™ cm™ to 1x10™ cm™. We identified Fe on
three distinct sites: ided substitutional, displaced subgtitutional and displaced tetrahedral interstitial.
Whereas displaced substitutional Fe was dominating for annealing temperatures below 500°C, annealing
between 500-700°C caused the mgjority of Fe to occupy displaced tetrahedra interstitial sites. Ideal substi-
tutional positions were increasingly populated following annealing at 800°C and above. A comparison of
the emission channeling results to Mdssbauer and eledron paramagnetic resonance eperiments is given.
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PACS numbers; 61.72.-y, 61.72.Tt, 61.72.YX
I.INTRODUCTION

Due to the richness of the electricd and opticd phe-
nomena associated with Fein dlicon, it represents one of
the most fascinating impurities and has been studied for
decades, as is reviewed in Refs. [1,2,3]. The importance
of understanding the properties of Fein S is further un-
derlined by its role in S processing, where it ads, to-
gether with other transition metals such as Cu, Ni or Co,
as one of the most dangerous contaminants. As a conse-
quence, detail ed and costly gettering schemes have to be
applied in order to remove the transition metals from the
adive region of devices [1,2,3,4]. Among the various
gettering schemes, defects resulting from ion implanta
tion have proven to ads as effective gettering centers
[5,6,7,8], giving a good motivation to study the behaviour
of Fe also in the presence of implantation damage.

With respect to possible lattice Stes of Fein Si, the ex-
istence of intergtitial Fe in sites of tetrahedral T4 symme-
try has been generally accepted since the dectron para
magnetic resonance (EPR) work of Ludwig and Wood-
bury [9]. Based on these EPR observations most theoreti-
cd approaches focused on iron on ided tetrahedral inter-
dtitial sites ([10,11,12,13,14] and references therein), but,
with the eception of Fe-acaptor pairs [15], never in a
configuration of symmetry lower than Tj.

Some theoretical works also considered substitutional
Fe [10,1316,17], however, only in ideal substitutional
configurations. The existence of any form of substitu-
tional Fe has been sulject of much speculation and lacks
direct experimental confirmation. By means of EPR, the
so-cdled NL19 center of trigonal Cs, symmetry was found

in Fe-doped dectron-irradiated S [18, 19]. As micro-
scopic mode for this center an “interstitial Fe atom
paired with a Si vacancy” was proposed, resulting in Fe
nea a substitutional site from which it is sifted along a
<111> diredion.

The most convincing evidence for substitutional Fein
S =0 far comes from Mésshauer experiments. The gen-
eral picture which has emerged from these studies is that
Fein Si produces four charaderistic Mdssbauer signals:
(@) a quadrupde-split doublet with d=+0.20-0.33 mnvs
and Eq=0.83-1.0 mnvs (at 300 K) which results from Fe
in a damaged environment [17,20,21,22,23,24,25] and is
sometimes also termed the “amorphous’ site [26];
(b) a snglet of isomer shift &=+0.76-0.86 mm/s (at
300 K) which is without doult due to interditial Fe
[17,20,21,22,23,24,25,26,27);
(c) a second singlet with d=-(0.08-0.03) mnvs (extrapo-
lated to OK) which originates from substitutional Fe
[17,20,21,22,23,24,25,26,27);
(d) a second doublet with &=+0.44-0.51 mnvVs and
Eqo=0.6 mnVs (extrapolated to OK), which has been
termed the “unknown” [21] or “new” line [22,24] and is
attributed to Fe on interstitial sites paired with a vacancy.

However, with respect to direct lattice location meth-
ods, not much is adually known on Fein Si. Thisis due
to the fad that most structural techniques lack sensitivity
a lower Fe ancentrations and at higher concentrations
Fe forms silicides. Bunker [28] studied Si implanted with
10'® cm™ of Fe at 100 keV and anneded between 600°C
and 800°C, using the method of extended x-ray absorp-
tion fine structure (EXAFS). It was concluded that the
EXAFS results are mnsistent with Fe being located at a
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distorted interstitial site. Vartanyantz et a [29] investi-
gated Si implanted with 5x10" cm™ of Fe at 80 keV and
anneded at 750°C using Rutherford badkscattering spec-
troscopy and channeling (RBS/C) They found that the
RBS signal from Fe was reduced by 30% for <111> chan-
neling incidence, from which they concluded that 30% of
Fe would be locaed on substitutional sites. However, this
conclusion is ambiguous since reductions in the backsca-
tering yied for <111> channeling may result not only
from subgtitutional but aso from a large variety of
intergtitial sitesin Si.

We present here direct lattice location experiments of
implanted Fein Si. We were &le to clearly identify Fe on
a least 3 distinct dtes: ided subgtitutional stes (S), dis-
placed substitutional sites (near-S), and dsplaced tetra-
hedra intergtitial sites (near-T). We used the 3~ emission
channeling technique [30], which makes use of the fad
that charged particles emitted from radioadive isotopes
in single aystals experience channeling or blocking ef-
fects along low-index crystal directions. This leads to an
anisotropic emission yield from the aystal surface which
depends in a charaderistic way on the lattice Stes occu-
pied by the amitter atoms.

I1. EXPERIMENTAL

In order to dope with long-lived *°Fe (ty, = 44.6 d) we
implanted the precursor isotope *°Mn (ty, = 4.6 9) at the
ISOLDE on-line isotope separator facility at CERN.
ISOLDE provides clean, mass-separated beams of radio-
adive Mn isotopes, which are produced by means of 1.4-
GeV proton-induced nuclea fission from UC,; targets and
chemicdly selective laser ion sources [31]. During the 3~
decay of the *®Mn nuleus the resulting **Fe atom re-
ceives a recoil around 200 eV, which assures that it is
reimplanted and hence that its lattice position is not in-
fluenced by the previous ste of >°Mn.

Fouteen S single aystals were investigated. Table |
gives their doping type, resistivity, growth method, sur-
face orientation, and the implanted fluences. All i mplan-
tations were done at room temperature under an angle of
7° to the surface normal in order to avoid channeled im-
plantation and produce a well-defined depth profile. The
depth profiles for these implantation conditions, as esti-
mated by means of the SRIM 2003 [32] or MARLOWE
[33] codes, are approximatdy Gaussian, centered at
532 A with a straggling of 192 A and peak concentra-
tions of 2.0x10° (atoms/cm®) / (atoms/cm?).

Following the implantation the aystals were mounted
on a goniometer using sample holders entirdy made of
Ta and Mo. Annedling up to 900°C in steps of 100K
(10 min) was done in situ under vacuum better than 10°°
mbar. While the setpaint temperature was readed after
1-2 minutes, the ol down to room temperature lasted up

to 30 min since the samples could not be quenched under
vacuum. After ead anneding step, the 3~ emission yidd
in the energy window 50-461 keV was measured at room
temperature using the position-sendtive detector systems
described in Refs. [34,35] as a function of angle from
<100>, <111>, <110>, and <211> directions.

TABLE |. Characteristics of the investigated Si samples. FZ
means float zone and CZ Czochralski-grown material. All p-
type samples were B-doped and al n-type samples P-doped.

& The thickness of the epitaxial layer of the epi-Si sample # 4
was 6-7 um on a0.01-0.02 Qcm p*-substrate.

® The oxygen concentration of samples # 10 and # 13 was char-
acterized as 6.5-6.7x10" cm™® by the manufadurer.

Sam- | Type Resistivity | Growth | Surface | Fluence
ple# [Qcm] method [em™

1 p-62 10000 FZ <111> | 1.4x10%
2 p-112 | 10-20 FZz <100> | 5.3x10%
3 p-45 10000 Fz <111> | 54x10%
4 p-158 | 12-16 epi <100> | 1.2x10"
5 p-159 | 10-20 FZ <100> | 1.6x10"
6 p-197 | 10000 FZ <111> | 2.0x10%
7 p-160 | 10-20 FZ <100> | 4.8x10%
8 p-198 | 10000 |4 <111> | 1.0x10
9 n-65 700-1300 | FZ <111> | 4.0x10"
10 n-103 | 7.3-12 cz® <111> | 4.9x10%
11 n-156 | 0.03 (074 <100> | 8.0x10%
12 n-157 | 700-1300 | FZ <111> | 85x10™
13 n-162 | 7.3-12 cz? <111> | 1.0x10%®
14 n-68 700-1300 | FZ <111> | 4.0x10%®

1. RESULTS

Let us first present the experimental results for sample
#3 obtained after annealing at the three dtaracteristic
temperatures of 300°C, 600°C and 800°C. Following
anneding at 300°C [Fig. 1 (a)-(d)], the fad that channd -
ing is observed aong al major axes, <111>, <100>,
<110> and <211> and the dosest-packed panes, {110},
{100} and {111}, isclear evidence that the mgority of Fe
atoms are locaed on or nea substitutional sites. Foll ow-
ing 600°C anneding the overall shape of the <111> and
<100> patterns is almost unchanged while the maximum
anisotropy along these two axes and also along the { 110}
directions has more than doubled [Fig. 2 (&)-(b)]. On the
other hand, the <110>, <211> and {111} effects are now
characterized by minima instead of maxima, asis clealy
visible in Fig. 2 (¢)-(d). The stuation with channeling
maxima dong <100>, <111> and {110} and minima
aong <110>, <211> and {111} is typicd for emitter at-
oms on or close to tetrahedral interstitial (T) positions
[36] since the T sites are located within <100> and




simulation best fit
2 -1 0 1 2

experiment

(e) <111>

i1 23-127
Bl 119-123

115-1.19

Pi11-115

1.07-111

(@ 2

1
{110} o{-

1.03-1.07
I 0.99-1.03
I 0.95 - 0.99

(f) <100>

Bl 18-121
B 115-118
112-1.15
P 109-1.12
1.05 - 1.09
1.02 - 1.05
I 0.99-1.02
I 0.96 - 0.99

(g) <110>

7 El110-1.12
B 108-1.10
1.06 - 1.08
I 1.05-1.06
1.03-1.05
1.01-1.03
] Bo0.99-1.01
I 0.97 - 0.99

(h) <211>

Bl i15-118
Bl i112-115
1.10-1.12
P 107-1.10
1.04-1.07
1.01-1.04
I 0.99-1.01
I 0.96 - 0.99

2 [deg]

(b)

{110}

S w
Q’Q

(c)
(110} o §E
1
2
N
C

(110 0 LN @

2 -1 0 1 2 -2 -1 0 1

FIG. 1. (8)-(d): Normalized 3~ emission yield from sample #8 in
the vicinity of <111>, <100>, <110>, and <211> diredions fol-
lowing anneding at 300°C. (e)-(h): Best fit results, corresponding
to (e) 5% (S+T), 54% near-(S+T), and 41% R, (f) 12% (S+T),
61% near-(S+T), and 27% R, (g) 3% S, 41% near-S, 22% near-T,
and 3% R, (h) 0% S, 39% near-S, 21% near-T, and 40% R.

<111> atomic rows and {110} planes but intergtitial with
respect to <110>, <211> and {111}. Finally, the patterns
following 9D0°C annealing [Fig. 3 (a)-(d)] are a clear
proof that the dominant lattice sites of Fe are substitu-
tional again, showing very pronounced channeling along
all crystal directionsincluding<110>, <211> and{111}.
While the experimenta results presented in Figs. 1-3
clealy illustrate changes in the preferred lattice sites of
Fe in a qualitative way, quantitative information is ob-
tained from fitting the experimental data by the results of
simulations of B~ emission yields for a variety of sites.
The general theory for the simulation of emission chan-
neling, the so-cdled “many bean” a pproadh, is described
in Ref. [30] and some mmputational details on its im-
plementation for Si can be found in Ref. [34]. To ap-
proximate the cntinuous B~ energy spectrum of *°Fe,
simulations were done for dectron energies from 50 keV
to 450 keV in steps of 25 keV, and the results averaged
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FIG. 2. (a)-(d): Experimental emission channeling patterns from
sample #8 following annealing at 600°C. (€)-(h): Best fit results,
correspording to (€) 30% (S+T), 113% near-(St+T), and —43%
(R), (f) 30% (S+T), 104% near-(S+T), and —34% (R), (g) 11% S,
14% near-S, 75% near-T, and 0% (R), (h) 3% S, 34% near-S,
99% near-T, and —36% (R).

acarding to the theoreticd spectral B~ distribution. As
one-dimensionally projected root mean square (rms) dis-
placement of Si atoms we used u,(Si) = 0.0803 A, corre-
sponding to a Debye-temperature of 504 K [37]. We ca-
culated characteristic two-dimensional patterns of elec-
tron emission probability within a range of £3° around
the <100>, <110>, <111> and <211> directions in steps
of Ax=Ay=0.05° for S, T, hexagond interstitial (H), bond
center (BC), anti bonding (AB), split <100> (SP and the
so-cdled Y and C stes, aswell as <111> and <100> dis-
placements between all of these positions. The location of
these sites in the diamond lattice @n be found in Refs.
[38,39]. The fit procedures used in order to compare
theoretical yields and experimental patterns take into
acaount the angle resolution of the detection setup and
have been described in detail previously [34, 35]. Note
that as a general rule in fitting any emission channeling
pattern always an isotropic component hasto beincluded,
which is given by 1 minus the sum of all other fitted frac-
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FIG. 3. (a)-(d): Experimental emission channeling patterns from
sample #8 following annealing at 800°C. (e)-(h): Best fit results,
correspording to (€) 29% (S+T), 61% near-(S+T), and 10% (R),
(f) 43% (S+T), 91% near-(S+T), and —34% (R), (g) 50% S, 0%
nea-S, 35% near-T, and 15% (R), (h) 30% S, 10% near-S, and
34% near-T, and 26% (R).

tions [30,34,38]. Provided that the scattering bad<ground
and the depth profile of emitter atoms is accurately
known and there is no enhanced dechanneling due to
defects in the crystal, the isotropic component reflects the
fraction of emitter atoms on so-cdled random (R) sites,
which are sitesin heavily damaged surroundings or sites
of very low crystal symmetry. Conseguently, inaccurate
knowledge of the scatering badkground or emitter depth
profile will lead to inaacuracies in assessing the fraction
of emitter atoms on R sites.

It turned out that our experimental results can only be
satisfadorily described by, apart from Fe on random sites,
considering Fe on at least three distinct lattice sites: ideal
substitutional sites, displaced subgtitutional stes, and
displaced tetrahedral interstitial sites. While the samples
always contain a mixture of Fe on these three lattice sites
and random sites, Fe on near-S sites dominates the pat-
terns in the as-implanted state and following anneding
up to 300°C (Fig. 1). On the other hand, Fe on near-

tetrahedral interdtitial sites is best visble following an-
neding at 600°C (Fig. 2), and Fe on ideal S sites follow-
ing anneding at 800-900°C (Fig. 3). By ideal substitu-
tional sites we mean Fe on substitutional sites gowing
isotropic Gaussian displacements with u; = 0.079 A due
to thermal vibrations only. The value of 0.079 A is a best
guessassuming that Fe ads as a smple mass defect in the
Si lattice. The displaced substitutional sSites are sites ex-
hibiting static displacements around 0.4-0.7 A from the
ided S position, and the displaced tetrahedral inter<titial
sites are located 0.3-0.8 A from the ideal T position. Both
in case of the nea-S and nea-T dtes al possible dis
placements from the ideal Sand T stes along <111> and
<100> directions were tried in the fits. However, similar
chi square values were obtained and the direction of the
static displacement could therefore not be pinpointed.
The values of 0.4-0.7 A and 0.3-0.8 A for the displace-
ments thus represent the statistical uncertainty, taking
into account displacements along dfferent crystal direc-
tions that lead to a Smilar quality of fit. The best fit re-
sults to the experimental patterns obtained are shown in
Fig. 1-3 panels (e)-(h). Note that we @nnot exclude that
additional lattice sites play a certain minor role, espe-
cially ided T sites could be occupied to some smaller
extent as well.

Figures 4 and 5show the best fit fractions for the three
considered sites as a function of anneding temperature
for the p-type and n-type samples, respectively. We first
note that all samples $owed the general feature of site
changes from near-S to near-T and then to S with in-
creasing anneding temperature. Second, within the range
of doping types studied (all samples were relatively mod-
eratdly doped), there are no significant differences visible
between n- and p-type S.. Also no clear trend dtin-
guishes the results obtained with oxygen-lean float-zone
(FZ) or oxygen-rich Czochralski (CZ) material, and even
the implanted fluence, which ranged from 1.4x10%* cm™
to 1.0x10™ cm ™, seems to have no pronounced effect on
the lattice location of Fe. Third, we note that for anned-
ing temperatures at 600°C and above the sum of the three
fitted fractions generally becomes larger than 100% and
the random fradion (not shown) reaches negative values.
An explanation for this apparently unphysical result wil |
be given below.

IV. DISCUSSION

In interpreting the results of our lattice location ex-
periments one has to consider the damage aeated during
the ion implantation process. It is estimated from SRIM
[32] or MARLOWE smulations [33] that around 800-
1300 vacancies and intergtitials are aeated for every im-
planted Fe atom. The smulations indicate that the initial
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FIG. 4. Fradions of **Fe on the three different lattice sites for
the p-type samples #1 to 8, derived from fits to the experimental
patterns assuming an as-implanted depth profil e of **Fe. Sample
#3 was only annealed up to 50°C and sample #1 only up to
400°C.

vacancy distribution is approximately a Gaussian of
330(295) A, i.e. centered at somewhat more than half of
the projected range of the implants. However, it is clea
that annealing considerably changes the ncentration
and nature of the vacacy-like defects, with simple va-
cancies annihilating with interstitials or clustering into
multiple vacancies. Fe obvioudy reacts with some of the
vacancy-like defects, which leads to its incorporation on
or nea substitutional sites, similar tothe caeof Cuin S,
which weinvestigated previously [39,40,41].

However, while there eist some parallels between our
current results on Fe in S and our previous findings on
the lattice locaion of implanted Cu in S, there are also
significant differences. Both of the implanted transition
metals were found mostly on near-substitutional sites in
the room-temperature as-implanted state. In the @se of
Cu, anneding above 200°C resulted in Cu progressively
disappeaing from near-substitutional sites and being
incorporated on random Stes. Assuming a smple one-
step model for this process, we estimated an activation
energy around 2.2eV for the dissociation of nea-
substitutional Cu, and if retrapping at vacancies from the
implantation process was included in the modd, the es-
timate was mewhat lower, around 18 eV [40,41]. Fe
also sarts to disappear from nea-substitutional sites at
similar annealing temperatures, and its stability at near-
substitutional sites can therefore be estimated to be also
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FIG. 5. Fradions of *Fe on the three different lattice sites for
the n-type samples #9 to 14, derived from fits to the experimen-
tal patterns assuming an as-implanted depth profile of *°Fe.
Sample #9 was only annealed up to 400°C.

around 20 eV. However, instead of escgping to random
sites it is increasingly found on digplaced-tetrahedral in-
terstitial stes following annealing at temperatures be-
tween 400°C and 700°C. Cuisan ultra-fast diffuser in Si,
which means it easily reacts with other defects even at
room temperature and its intertitial state is hence e-
tremely difficult to observe. On the other hand, it is well
known that Fe @n be quenched in the interstitial state
following high-temperature anneding [2,3,9]. Althoudh
al our samples were coded dowly it might therefore be
that the pronounced interstitial fradion of Fe simply
represents quenched interstitial Fe which remains after
the nea-substitutional Fe @mplexes have broken up,
interstitial Fe has been diffusng a short distance in the
sample and the sample is cooled to room temperature
again. What is not in favor of this interpretation, how-
ever, isthe fact that the interstitial Feis clearly displaced
around 03-0.8 A from the ided T position. As will be
discussed beow in conjunction with Mossbauer results
from the literature, it seems possible that the nea-T Feis
due to Fe-V complexes, i.e. interstitial Fe bound to a
neighboring vacancy.

With respect to transition metals on ideal substitu-
tional sites, we have previoudy observed the incorpora-
tion of Cu on ideal S sites, however, only in highly n-type
S and following anneding between 500°C and 700°C
[41]. Feon ideal Ssitesis clearly observed in moderately



doped n- and p-Si and its gability is sgnificant since it is
still present in consderable anounts in many samples
even following annealing at 900°C.

We should note here that the damage aeated during
implantation exceeds the n- or p-dogng level of all our
samples by orders of magnitude. For instance, the e ectri-
cdly active P concentration in the sample with lowest
resistivity (sample #11) corresponds to roughly 1.7x10"
cm™>. Even in the sample implanted with lowest fluence
(sample 1 with 1.4x10" cm™) the cncentration of Fe
reaches 1.4x10"" cm™ in the peak of the implantation
profile, and the initial defect concentration is even around
three orders of magnitude higher. It is hence likdy that
the Fermi leve is in midgap pastion in the implanted
region, which would explain why we did not observe ma-
jor differences between moderately doped n- and p-type
Si. Samples with much higher doping levels (n" or p*
material) haveto be used in order to investigate a possible
influence of the Fermi level on the lattice location of Fe.
Such measurements are arrently under way, and pre-
liminary results dow that the interdtitial fraction of Feis
dominant in p*-Si while it is considerably reduced in n'-
S.

We will now discuss the fact that the fitted fractions of
Fe read values above 100%. Since dechanneling due to
the thermal motion of the Si atoms causes an approxi-
mately exponential damping of the wave function of
channeled electrons, the intensity of the dhanneling f-
fects depends on the depth profil e of the emitter atoms. In
our analysis we have assumed Gaussian *°Fe depth pro-
files of 532(192) A resulting from 60 keV implantation.
However, it has been reported [42] that Fe implanted to a
fluence of 1x10™ em™in Si is pushed towards the surface
during solid phase eoitaxial regrowth. Following implan-
tation of S samples with various heavy ions it was also
observed that Fe and other transition metals such as Cu
preferentially decorate two regions in the implanted sam-
ple: the end of range of the implanted ions, the so-cdled
Rp-region, and midway between the projected range and
the surface, the so-cdled Rp/2-region [4,5,6,7,8]. It has
been suggested that vacancy-type defects at half of the
projected range ad as effective gettering sites for transi-
tion metals in the Rp/2 region [8]. We have therefore also
undertaken simulations for shallower depth profiles of Fe,
centered at half of the 60 keV implantation depth. Under
these assumptions the sum of the regular Fe fradions
would be around 80%. Redistribution of the Fe towards
the aystal surface and the resulting badly defined emitter
depth profiles could thus well explain the apparent frac-
tions larger than 100% and aso the mnsiderable differ-
ences in fractions between various samples.

It iswell known that Fein Si tends to form thermody-
namically stable silicide precipitates [1,2,3,4]. Hence one
might expect that the lattice sites following high-

temperature annealing represent Fe within small silicide
precipitates and the formation of the precipitates to de-
pend on the Fe concentration of the samples. It is there-
fore very surprising that no correation of the various Fe
lattice dtes with the implanted fluence was observed.
This puzzling behavior will need to be investigated in
further experiments using higher implanted doses of Fe.

V. COMPARISON WITH MOSSBAUER
AND EPR DATA

Our observation of Fe on ideal S, nea-S and nea-T
sites also gves valuable information for the interpretation
of Mabsshauer spectroscopy (MS) and EPR experiments.
We generaly confirm the eistence of interdtitial Fe and
substitutional Fe as inferred from MS, however, a 1:1
correspondence between channding and MS reaults is
complicated by the fact that most of the avail able Méss-
bauer data rely on completey different anneding time
scales than emission channeling and many other tech-
niques. Basicdly all MS results at low Fe mncentrations
were observed in source experiments either following
Couomb excitation of *'Fe [17,20,26] or following the
implantation and decay of *Mn (ty; = 1.7 min)
[21,22,23,24,25,26,27]. In Couomb excitation experi-
ments (which we will abbreviate as °'Fe’) a large recoil
always aacompanies the heavy ion bombardment excita-
tion process, and in °’Mn-°*Fe decay experiments a
~40 eV recoil results from the nuclear decay of °'Mn.
Therefore, in both cases the MS level probes the situation
in a narrow time window (~140 ns) immediatdy after
recoil implantation. While any reaction of Fe itself can
only be studied on this time scde, the overal damage
acaimulation and damage aneding in the sample is
dominated by the fact that the experiments are done on-
lineg, i.e. the measurement temperature is also the implan-
tation temperature. Due to dynamic anneding, implanta-
tions at elevated temperatures result in considerably re-
duced concentrations of primary defects whil e secondary
defect complexes become more prominent. In addition,
the outcome of the eperiment may depend on the ther-
mal history of the sample, eg., if the experiment is
started at low temperatures, initially defects are acaimu-
lating in the sample which are then annealed during sub-
sequent implantations at higher temperature. Thermally
adivated readions hence take place on two o three dif-
ferent time scdes: 1) the time window due to the 140 ns
lifetime of the MS leve in *Fe, 2) the time scale of
changing to and measuring at a certain implantation
temperature, and 3 in case of °’Mn - °*"Fe experiments
aso the 1.7 min half life of °’Mn during which the Mn
atom can read with other defects present in the sample.

The on-line MS experiments have dearly shown that
at low temperatures the recoil implantation results in



high fradions of the snglet interstitial centers (b) (30-
50%) and the damage doudlet (a) (50-70%). The damage
doublet (a) disappeas to a large extent aready beow
room temperature and is undetectable @ove 200°C
[21,23,24,25]. In °"Mn - °"Fe experiments the intensity of
the singlet substitutional center (c) continuouwsly increases
above 100K and finally remains constant only above
180°C [23,24,25], while in °'Fe studies it only appeas
above ~350°C [17,20]. This difference in temperature
may be due to the fact that in °'Fe experiments these
centers can definitely only be formed during the 140 ns
lifetime, while in °"Mn - *"Fe studies they may be formed
aready by the °’Mn precursor and survive its decay. In
*"Mn - °*"Fe experiments above 100°C the ‘hew line’ (d)

starts to appear which persists even at 500°C [23,24]. The
low Debye temperature of this “new ling€’ paints to inte r-
dtitial Fe and it has been suggested to be due to Fe-V
complexes where Fe sits 0.4 A from the ideal T site, and,
moreover, to ke identical to the NL19 center observed by
EPR [23,24].

A similar recoil (200 eV) asin the MS experimentsis
received by the *°Fe in our case when the *°Mn nucleus
decays a few seconds after its implantation into the S
sample. However, our channeling measurements cannot
probe the situation immediately foll owing the *’Mn decay
and the resulting *°Fe recoil implantation. On the ®n-
trary, the samples were typicdly stored at least several
hours, in some @ses days or weeks, at room temperature
before the first measurements were started, thus giving
enough time for intergtitial Fe to react with vacancies,
which obvioudy resulted in the majority of Fe occupying
the near-S sites and most of the rest random sites. As was
aready mentioned, we canot exclude small fradions
(10-15%) of Fe on ided tetrahedral interstitial Sitesin our
experiments but they are ertainly not the dominating
intergtitial dtes responsible for the patterns down in
Fig. 2. It seems possible that ided T sites might be occu-
pied only immediately after implantation well below
room temperature, or, as was done for the EPR identifica-
tion of Fe* or Fe® [1,2,9], following a fast quench of Fe-
containing S from temperatures near its melting point.

Assuming that a similar scenario o site changes from
nea-Sto nea-T toideal Salso occursin on-line MS ex-
periments but taking into account that anneding tem-
peratures do not need to correspond to those in emission
channeling or EPR experiments, we propose the rre-
spondence between emission channeling, MS and EPR
data shown in Tablell. The identificaion of the NL19
EPR center with nea-S or near-T sites is based on the
suggestion that this center consists of a Fe-vacancy com-
plex of trigona symmetry [18,19], a microscopic model
which would fit both nea-S or nea-T Fe. However, the
reported annealing temperatures of the NL19 center,
which scatter from 160°C [18] to 500°C [19], rather point

to Fe on nea-S sites. Our experiments dow that the in-
corporation of large fradions of Fe on ideal substitutional
sites requires anneding temperatures above 700°C. Since
these temperatures have not been readed in on-line
Mosshauer experiments, it seems possible that they did
not produce Fe on ideal S sitesin sufficient quantititiesto
be detected.

TABLE |l. Proposed correspondence between the Fe lattice
sites found in emission channeli ng experiments, the lines iden-
tified in Méssbauer studies, and major EPR centers.

Emisgon M Ossbauer EPR

channeling

random (a) damage doubl et

ideal T intersti- | (b) intertitial singlet Fe* and

tial Fe’

(not seen)

nea-S (c) substitutional singlet NL19

nea-T interstitial | (d) interstitia “new line” | NL19 ?
doublet

ideal S either not yet seen or not seen
(c) substitutional singlet

V1. CONCLUDING REMARKS

Our study confirmed that Fe in S exhibits a richness
of structural properties, in particular that it is able to oc-
cupy at least three different lattice sites: near-tetrahedral
interstitial sites, nea-substitutional sites, and ided substi-
tutional sites. We provided the first direct evidence for Fe
on or near-substitutional sitesin S, thus confirming the
interpretation of Mdssbauer data. The fad that at least
three different Fe sites were dearly observed shows the
demand for a more refined theoretical treagment of the
structura properties of Fe-related defectsin Si.

Finally, our results, which are congistent with im-
planted Fe being trapped by vacancy-like defects at the
end of its projected range and, following annealing above
600°C, also around half of its implanted range, provided
further ingight in the nature of the defects responsible for
the gettering behavior of radiation damage.
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