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Abstract

The lattice location of implanted silver in Si was gudied by means of the anisson channeling technique. Fol-
lowing 60 keV room temperature implantation of radioactive ''Ag at a dose of 2-3x10™ cm™, we identify
around 30% of Ag on near-substitutional sites (=0.45 A from ideal S-sites). Upon annealing at 200-300°C, the
fraction on near-S sites reaches a maximum around 60-80%. For higher annealing temperatures it deaeases
again and at 600°C Ag starts to diffuse out of the Si samples. We etimate the activation energy for the disso-
ciation of near-substitutional Ag to be 1.8-2.2 €V. The eperimental results are ompared to those of Cuin Si,
and common features and characteristic differencesin the behavior of the two group 1B metals are discussed.
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Introduction

Silver iswell known to introduce various degp centers into sili con [1-3]. The two most prominent levels are an
acceptor-type level, Ag(A), at an energy position Ec-0.54 €V below the conduction band, and a donor-type
level, Ag(D), at Ey+0.34 eV abowe the valence band. The Ag(D) level could be assgned by means of photolu-
minescence (PL) [4,5] and infrared absorption spedroscopy [6] to a defed of C,, or lower symmetry, and was
suggested to be neutral substitutional Ags’. Eledron paramagnetic resonance (EPR) measurements have identi-
fied at least 8 dfferent Ag-related centersin Si, six of them are supposed to be due to pairs of Ag with other
impurities or with itsef [7-9]. Two centers, however, named NL56 and NL42 have been suggested to consist of
substitutional Ags’ and tetrahedral interstitial Ag?, respedively. While the NL56 center exhibited tetragonal
(Cy,y) or lower symmetry, indicating a displaced substitutional position of Ag, the NL42 center was the only one
found to have tetrahedral (Ty) symmetry.

It iswdl known that Ag, like other transition metals, is gettered by highly damaged regions[10,11] or
voids [12] in Si. Dired evidence on the exact lattice sites of Ag in S is sarce, however. Rutherford Backscat-
tering experiments [13] following 200keV implantation of 1.5x10" cm™ Ag and annealing at 550°C only
showed that the sil ver atoms were incorporated in an amorphized region.

We have recantly studied the lattice sites and stability of ion implanted Cu in Si by means of the emis-
sion channeling technique [14-16]. In this contribution we present lattice location experiments on ***Ag, and
compare the results for the two 1B transition metals.

Experimental
60 keV beams of radioactive **'Ag (ty,=7.45 d isotopes were produced at the ISOLDE facility at CERN by
means of 1-GeV proton induced nuclear fisson from UC, targets, chemically seledive laser ionization and
mass gparation [17]. ThreeSi samples were implanted, all at room temperature, one p-type B-doped Czochral-
ki (CZ) grown sample (resitivity 0.17-0.23 Qcm, <100> surface, implanted dose 2.6x10™2 cm™, sample A),
one p-Si:B FZ (10-20 Qcm, <100>, 2.9x10' cm™, sample B) and one n-Si:P FZ (700-1300 Qcm, <111>,
3.1x10™ cm™, sample C). Emisson channeling [18] makes use of the fact that charged particles emitted from
radioactive isotopes in single aystals experience dianneling or blocking effeds along low-index crystal direc-
tions. This leads to an anisotropic particle enisson yield from the aystal surfacewhich dependsin a character-
istic way on the lattice sites occupied by the amitter atoms and is recorded by means of a position sensitive de-
tedor. For the isotope **Ag, channeling petterns were extracted for the integral B~ spedrum above 50 keV up
tothe end point energy of 1041 leV.

In order to deduce the Ag latticelocation from the 3~ emisgon patterns we have arried out computer
simulations of 3~ emisgon yields for avariety of sites. The oncept of electron emisson channding simulations



Preprint from Nucl. Instr. Meth. in Physics Research B 190(2002 543-546. 2

is based on the dynamical theory of eledron diffraction and is described in detail in Ref. [18]. To approximate
the continuous B~ energy spedrum, simulations were done for eledron energies from 50 keV to 800 keV in
steps of 25 keV, and from 850 keV to 1000 leV in steps of 50 keV. The results were averaged according to the
spedral B distribution of *™Ag [19]. We @lculated characteristic two-dimensional patterns of eedron emis-
sion probability within a range of £3° around the <100>, <111> and <110> directionsin steps of Ax=Ay=0.05°
for S, T, hexagonal intergtitial (H), bond center (BC), anti bonding (AB), split <100> (SP) and the so-called Y
and C sites, aswell as<111> and <100> displacements between these sites. The location of the sitesisgiven in
Refs. [14]. Quantitative information on the position of **Ag was then obtained by comparing the fit of smu-
lated patterns to the observed yields. The fit procedures used for this purpose, as well as further experimental
detail s, are described in Refs. [14-16,20).

Results and discussion

Figures 1(a), 1(b) and 1(c) show the <111>, <100> and <110> 3~ emisgon channdling petterns from sample C
following room temperature implantation of **!Ag and annealing at 200°C for 10 minutes. From the fact that
channeling effeds are observed along all major crystalli ne axes and panes it is obvious that the mgjority of Ag
atoms must occupy substitutional (S) sites or sites which are dose to the substitutional positions. The best fit
results of simulated patterns to the experimental yields [Figs. 1(d), 1(€) and 1(f)] were oltained for lattice sites
that are displaced by 0.45(5) A along <111> diredions from the substitutional towards the bond center (BC)
position. The crresponding near- substitutional Ag fractions were 64% for the <111>, 60% for the <100>, and
65% for the <110> pattern, the remainder of Ag occupying random sites. Somewhat worse fits were obtained if
the Ag was displaced along <111> from S to AB sites instead of to BC, or along <100> from S to SP sites.
Whil e the displacement of Ag from ideal substitutional sites is obvious from our results and the S— BC sites
resulted in the best fit, we @nnot exclude the posshility that the displacement might ocaur along higher index
directions than <111> or <100>, or that we have a mixture of several sites with similar displacements. We al'so
tested for additional fractions of Ag on other lattice sites, however, with the possble exception of tetrahedral
interstitial T sites, which will be further discussed below, this resulted only in insignificant improvements in
the quality of fit.

Figure 2 summarizes the lattice location results from all threeinvestigated Si samples as a function of
annealing temperature, and compares them to typical results for Cu in low-doped Si. In the as-implanted state,
the near-substitutional fraction of Ag (30-35%) is lower than in the @se of Cu (75-80%), but increases upon
annealing to 200-30C°C to values around 60-80%. A possble reason for thisis the higher damage density fol-
lowing implantation of the heavier isotope *™Ag in comparison to ®’Cu (note that the implanted doses were
similar). Most of the damage anneals around 200:300°C, resulting in the majority of Ag occupying, within
measurement predsion, the same displaced substitutional | attice sites as Cu. Upon annealing at higher tempera-
tures, the near-substitutional fraction of Ag deaeases continuoudy in a similar way as was e for Cu. How-
ever, in contrast to ®'Cu, the <110> patterns from ***Ag measured following annealing at 400°C and 500°C
could be fitted significantly better if an additional fraction on tetrahedral interstitial T sites was all owed (note
that T sites can not be distinguished from S sites by means of the <100> or <111> patterns). Consequently we
have allowed for a fraction on T sites in all other fits, however, as can be seen from Fig. 2, except following
annealing at 400°C and 500°C, the T fractions are small and close to the measurement error. In sample B the
near-S fraction of Ag deaeased faster than in sample A, but more measurements will be needed in order to
asesswhether this trend is due to the n- or p-type doping or the fact that sample B was FZ and sample A CZ
material. Following annealing at 600°C, 30-50% of ***Ag dffused out of the Si samples, as was obvious from
the fact that significant radioactivity could be deteded on the sample holder. This is aso in contrast to Cu,
which did not show any out-diffusion but was found to diffuse mainly to the bulk of the Si samples at 600°C.

We have etimated the activation energy E, for the disociation of near substitutional Ag using two
simple models that have been outlined in detail in Ref. [15]. The first estimate is based on a one-step model
which asaumes that one successul jump of Ag is aufficient to completely dissociate the defed and which ne-
gledsre-trapping. In this case we deduce Ex=2.2 eV. The seamnd model considers the posshility that all vacan-
cies created during implantation act as traps for Ag, and yields the lower value of Ex=1.8 eV. These values may
be compared with the activation energies for Ag dffusion in crystalline and amorphous Si that are given in the
literature. Aswas to be expeded, the dissociation energy for near-substitutional Ag is sgnificantly higher than
the interstitial migration energy of Ag in crystalline Si, which was estimated to be around 115 eV [21], but
similar to the activation energy for Ag diffusion in amorphous Si, which is 1.6 eV [11].

It is interesting to compare the stahility of near-substitutional Ag with the annealing behavior of the
Ag DLTS levels described in the literature [2,3]. For Ag-diffused and quenched Si, the oncentration of the
Ag(A) levd did not change at all after annealing upto 386°C. Since our experiments ow diredly that near-S
Ag isincreasingly unstable above 300°C, the proposed assessment of Ag(A) with substitutional Ag in Ref. [3]
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seams questionable. The Ag(D) level, on the other hand, was only stable up to 300°C and deaeased in intensity
by a factor of two following annealing at 386°C. The similarity of the annealing behavior of the Ag(D) leve
with the near-substitutional Ag in our experiments, together with the fact that the @mncentration of Ag(D) in-
creased upon irradiation with a particles [3], rather points towards the explanation that Ag(D) involves substi-
tutional Ag, resulting from a reaction of Ag with vacancy-like defeds. This would also be in accordance with
the identification suggested for Ag(D) by the EPR and optical measurements mentioned abowe.

Conclusions

We have shown diredly that Ag occupies near-substitutional |attice sites following implantation into Si. Upon
annealing to 200-300°C the preferred lattice site of implanted Ag was found to be identical to the one of Cu,
showing that incorporation on displaced substitutional sites is a common phenomenon for bath 1B metals. The
dissociation energies of near-substitutional Ag and Cu in low-doped Si were also found to be similar. Our ex-
periments further indicate that the formation of near-substitutional Ag is, at least partly, responsible for the
radiation damage gettering effed of Agin Si.
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Fig. 1, U. Wahl et al
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Fig. 1. (a)-(c): <111>, <100> and <110> channeling patterns from *?Ag following room temperature
implantation into n-Si:P FZ (sample C) and annealing at 200°C. (d)-(f): Best fits of simulated petterns to the
experimental yields, corresponding to 64%, 60, and 63% on sites which are displaced by 0.455) A from Sto
BC.
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Fig. 2. Fractions of implanted **Ag on near-substitutional (S_ BC) and tetrahedral interstitial (T) sites as
function of isochronal (10 min) annealing temperature. In comparison, the dotted line shows a typical result for
implanted ®’Cu in low-doped Si [Wahl 00].



