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Abstract. We report on the lattice location and thermal stability of Fe in n*- and p*-type silicon. By means of emission
channeling we have observed Fe on ideal substitutional sites, sites located in between bond-centered (BC) and
substitutional sites, and sites displaced from tetrahedral towards anti-bonding sites. Here, we focus our analysis on the
identification of Fe displaced 0.4-0.6 A from BC sites and the influence of the doping on the stability of these sites. Fe on
near-BC sites is found to be more thermally stable in n*-type Si than in low doped or p*-type Si, and seems to be related
to multiple vacancy defects. We suggest that the complexes which trap Fe near BC sites, as well as the formation of
substitutional Fe, may play a crucial role in P-diffusion gettering.
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INTRODUCTION

The structural and electrical properties of transition metal impurities (TMs) have been an important subject in the
manufacturing of Si-based devices. In fact, depending on the complexes that TMs form, deep levels are introduced
within the silicon bandgap, which are unwanted in most applications, e.g. microelectronics or photovoltaics [1,2].
One of the most harmful TMs is Fe due to its presence in comparatively high concentrations during Si production,
e.g. iron is present in silica. Gettering has therefore been pointed out as the most effective solution to reduce its
malicious effect [3]. Although many gettering procedures have been developed, in particular in solar cell processing
P-diffusion (involving n* regions) has gained eminence over the past years. The microscopic nature of this gettering
mechanism is still not completely clear. It has been suggested, however, that the interaction of Fe with native
defects, in particular related to vacancies, might play a role during P-diffusion gettering [4,5,6].

One way to explore the microscopic nature of the interaction of Fe with vacancy-related defects is to study the
influence of the doping on the lattice sites of implanted Fe in silicon. A unique technique to investigate the sites of
impurities is electron emission channeling (EC) which relies on implanting single crystals with radioactive probe
atoms that decay by the emission of B~ particles. The [~ particles experience channeling effects along
crystallographic directions depending on the lattice site occupied by the probe atom. EC was previously used to
investigate the lattice location of the *’Fe probe atom in different lightly doped Si samples (with resistivities above
~0.01 Qcm) [7,8]. Three lattice sites were observed: ideal substitutional sites (S), displaced from bond-centered
towards substitutional sites (near-BC) and displaced from tetrahedral towards anti-bonding sites (near-T). It
seemed, however, that in lightly doped Si the doping was not influencing the preferred lattice sites of implanted Fe,
presumably since the defect production during Fe implantation shifts the Fermi level towards midgap, thus
compensating the effect of doping.

In this work, we present results on the lattice location of Fe in heavily doped n*- and p*-type silicon, with a
special focus on the identification and stability of Fe on near-BC sites. A correlation of our findings between the
high thermal stability of Fe on near-BC and ideal S sites in n*-type Si and P-diffusion gettering is given. A more
complete description of the experimental results and their comprehensive discussion is about to be published
elsewhere [9].

EXPERIMENT

The long-lived isotope *Fe (1, = 44.6 d) was introduced in n*-type (n*-Si; resistivity of < 0.001 Qcm) and p*-
type (p*-Si; < 0.002 Qcm) Cz silicon samples by implanting the precursor isotope *’Mn (1, = 4.6 s), at the on-line
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isotope mass separator facility ISOLDE at CERN, with 60 keV. The fluence was 6x10'> cm™. The depth profiles of
the implanted *Fe and created vacancies were estimated using the SRIM code [10]. The implanted *’Fe profile is
approximately a Gaussian distribution centered at 558 A with a straggling of 213 A and a peak concentration of
1.1x10" em™. At 0 K, each implanted Fe creates ~900 vacancies along its path, producing a peak concentration of
~5x10*' cm™. The dopants of the n*- and p*-Si samples were, respectively, phosphorus and boron. Starting a few
days after the implantation, the samples were mounted on a goniometer made of Ta and Mo and annealed in situ up
to 900°C in steps of 100°C, during 10 min. After each annealing step, the B-emission yield was measured at room
temperature using a position and energy-sensitive detector in the vicinity of <110>, <100> and <111> for the n*-Si
and <211>, <100> and <111> for the p*-Si samples.

RESULTS

The two-dimensional experimental channeling patterns were fitted by using calculated beta emission yields,
obtained with the so-called many beam formalism for electron channeling in single crystals, in order to
quantitatively characterize the occupied lattice sites of ’Fe. The emission probability of the substitutional (S),
hexagonal (H), tetrahedral (T), bond-center (BC), anti-bonding (AB), split (SP) and the so-called DS, DT, Y and C
sites, as well as <111>, <100> and <110> displacements between these positions were considered in the fitted
patterns [11].

In analogy to the previous experiments in low-doped Si [7,8], the same three types of lattice sites (ideal S, near-
BC and near-T sites) were necessary to obtain the best fits. As an example, Fig. 1 shows the two-dimensional
experimental emission channeling patterns around the <110> direction from as-implanted *’Fe in n*-Si. Also shown
are the calculated emission yields from ideal S, near-BC and near-T sites. Note that the comparatively strong {111}
planar channeling in the experimental pattern is a characteristic of the presence of near-BC sites. Also the fact that
the axial <110> channeling peak appears spread along the {110} plane indicates that it consists of a superposition of
the single peak of ideal S sites and the double peak characteristic for near-BC sites.
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FIGURE 1. Comparison of the (a) two-dimensional experimental and (b) best fit of theoretical emission channeling patterns
from *°Fe in n*-Si in the vicinity of <110> in the as-implanted state. Panels (c), (d) and (e) represent the contributions to the EC
patterns of the ideal S site (21%), near-BC site (50%) and near-T site (23%) patterns, respectively.

To illustrate in more detail how the occupied lattice sites are identified, we use the determination of the most
likely position of Fe in between S and BC sites as an example. In Fig. 2 we plotted for the as-implanted state the
reduced y° for multi-site fits as a function of <111> displacements from the ideal positions. In case of the <I111>
and <100> patterns, the reduced y” is plotted for 2-site fits, where the first site is kept ideally aligned with the <111>
or <100> rows (i.e. S or T sites), while the position of the second site is moved along all equivalent <111>
directions from the ideally aligned position. One concludes that the position of the second site is roughly around
0.6-0.8 A from the axis. Note however, that for <111> and <100> patterns the <111> displacements S—BC,
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S—AB, T—AB, T—H are completely equivalent, so that these patterns do not allow to independently determine
whether the displacement is with respect to S or T sites. In order to distinguish between S or T sites, <110> or
<211> patterns are needed (as illustrated already in Fig. 1). In case of the <110> or <211> data in Fig. 2, the
reduced y” is plotted for 3-site fits, where the first site is kept fixed at the ideal S position, the second site is kept
fixed at a position 0.45 A from T sites towards AB sites, while the position of the third site is shifted from ideal S
towards the BC position as indicated. Note that the exact choice of the interstitial site in this case, e.g. ideal T vs a
shift from T to AB is not very critical, since the <110> or <211> patterns vary relatively little when the position of
the interstitial fraction is varied. Overall, one arrives at the result that the most likely displacement in between S and
BC sites is as indicated by the grey shaded area. It is clear from this analysis, that for instance major fractions of
*’Fe on ideal BC sites can be ruled out, since the * of fit becomes significantly worse for the <111> patterns, and to
lesser extent also for <100> patterns. On the other hand, the possibility of minor fractions on ideal BC sites in
addition to a major displaced fraction exists. To quantitatively assess this possibility it would require performing 3-
or 4-site fits. However, in this case the fit results become increasingly ambiguous.
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FIGURE 2. Reduced y* of the fits to the experimental emission yields as a function of displacement from ideal S to ideal BC
sites following room temperature implantation (a) in n*-Si, for <110>, <100>, and <111>, and (b) in p*-Si for <211>, <100>, and
<111>. The reduced chi square ered/ xzred(A) is normalized to single- or double-site fits, where for the <100> and <111> data
“A” represents sites ideally aligned with the axis, i.e. ideal S or ideal T, while for the <110> and <211> data “A” represents a
combination of ideal S + near-T sites.

Figure 3 shows the annealing temperature dependence of the fractions of *’Fe on the identified lattice sites in n*-
and p*-Si, in comparison to the average results of low doped Si from Refs. 7-8. While the same three types of lattice
sites were identified in analogy to the previous experiments in low-doped Si, the preferred sites of Fe change clearly
with the doping of the material. While near-T interstitial sites were dominant in p™-Si (~91% after annealing at
400°C), the majority of Fe occupied near-BC sites in n"-Si (~65 % after annealing at 500°C).

DISCUSSION AND CONCLUSION

Comparing these EC experiments with theoretical predictions, one concludes that the ideal S and near-BC sites
result from the interaction of iron with vacancy-type defects. In fact, ab-initio calculations have shown that Fe
prefers ideal S sites when trapped by single vacancies, while divacancies should trap iron on ideal BC sites [12].
What cannot be explained so far by theory is the displacement of Fe from the ideal BC site towards S sites suggested
by our data. It seems, however, feasible that the near-BC fraction represents a mixture of Fe not only inside
divacancies but also inside more complicated multivacancies where it may sit somewhat off the ideal BC site, e.g.
inside multivacancies with fourfold configurations based on hexavacancy rings [13,14].
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FIGURE 3. Annealing temperature dependence of the ideal S, near-BC and near-T fractions in n*-Si, p*-Si, and
low doped silicon (i-Si). Data for i-Si are from Refs. 7-8.

As is discussed in detail in Ref. [9], the microscopic nature of the near-T sites in p*-Si is not totally clear at the
moment, although the positive charge state of interstitial Fe;" in p*-Si and the formation of Fe*B™ pairs are obviously
expected to play a major role. In that respect it seems that the sites of Fe within Fe'B™ pairs are substantially
displaced (up to 0.5 A) from the ideal T site towards the AB site. While this would agree with the lattice site
estimated from the measured pair binding energy of 0.65 eV found in the literature, assunming a simple Coulomb
interaction between Fe™ and B, it is not obvious to reconcile it with the structure of the Fe'B™ pair predicted by ab-
initio calculations, consisting of Fe on an ideal T site with a breathing mode relaxation (0.27 A inward) of the four
Si atoms surrounding the B atom [15].

To conclude, we have studied the influence of n* and p* doping on the lattice sites of implanted iron in silicon.
While near-T interstitial sites are prominent in p*-type silicon, Fe clearly prefers near-BC sites in n*-type silicon.
Arguments have been given to support that near-BC sites result from the trapping of Fe into multivacancy defects
produced during implantation. We have shown that the thermal stability of near-BC Fe is higher in n*- than in low
doped or p*-Si. Remarkably, following annealing at 500°C more than 90% of Fe in n*-Si remains trapped in
vacancy-related complexes, i.e. in near-BC or ideal S-sites. We hence propose that the strong interaction with
vacancy-type defects and the thermally stable binding of Fe to them, both of which are characteristic for n*-Si, play
a crucial role in the P-diffusion gettering process, where Fe is gettered in the n*-doped surface region created during
the in-diffusion of phosphorus.
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