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Iron-acceptor pairs (Fe-A, A = B, Al, Ga, and In) in silicon were investigated using an ionic-
based model, which incorporates the valence electron cloud polarization and the lattice relaxation.
Our results are generaly in good agreement with the experimental trends among the Fe-A pairs,
describing the increase in the pair donor energy level with increasing A principal quantum number
and decreasing pair separation distance, and the pair configurational symmetries.

Iron pairs with acceptor impurities in silicon [1],
forming electrically active centers. The properties of
these pairs, such as the configurational structure and
the positions of the energy levels in the band gap, have
been investigated by electron paramagnetic resonance
(EPR) and deep level transient spectroscopy (DLTS) [2]
over the last thirty years. These pairs have been identi-
fied as consisting of a substitutional acceptor (A4s) with
an iron (Fe;) at either the nearest neighbor (T1, (111)
symmetry) or the next nearest neighbor (T2, (100) sym-
metry) tetrahedral interstitial site. According to an
ionic model, used to explain the experimental data, the
Fe; A, pairs are formed by a positively charged iron (Fe;L
or Fe; 1) and a negatively charged acceptor (A7 ).

The ionic model fails in describing several trends
among the Fe; A pairs, such as the pair stability and
the related positions of the acceptor and donor elec-
tronic levels [3]. Adding an elastic energy term to the
point charge interaction, Kimerling et al. [4] explained
the pair structures observed by the experiments. They
noticed that large acceptor impurities provide strong
repulsion enough to compete with the Coulomb attrac-
tion so that the Fe; stays at a T2 site (and not at a
T1 site) next to the acceptor. Our model incorporates
a new interaction in the point charge Coulomb interac-
tion, a short range attractive component to simulate the
valence electronic cloud polarization [5]. The repulsive
interaction between Fe; and A, or Si is approximated
by a softened Lennard-Jones type potential, and the
silicon crystal is treated as a dielectric medium. The
results are compared to the experimental data on con-
figurational symmetries and deep level positions. Our

model captured several trends on the pairs observed by
experiments [2], showing an increase in the pair donor
energy level with increasing principal quantum number
of As and decreasing pair separation distance, opposite
to results obtained by Kimerling et al. [4].

When the separation between Fe; and A; is compa-
rable to their ionic radii, the electronic cloud of one ion
is strongly perturbed by the field of the other, causing
an induced polarization on that electronic cloud. Our
polarization model (PM) includes a short range attrac-
tive component to the Coulomb interaction to describe
the electronic cloud polarization. As an estimation to
the induced electronic cloud polarization effect, we take
the valence electronic cloud as a charged spherical sur-
face at certain radius around the radial peak position
of the valence electronic charge density. Then, similar
to the interaction between two conducting spheres, the
electrostatic interaction can be written as (r = rpe—_a)
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where a; and ay are the valence electronic cloud spher-
ical surface radii, ¢g; and ¢ are the net ionic charges.
The calculations were performed using 279 Si atoms,
one Ag, and one Fe;. The distance rpe_p is changed
along (111) direction (passing through T1 and T4 sites)
and (100) direction (passing through T2 site) to find the
potential curves for Fe?, Fe;", and Fe; *. The minimum
of each curve Vyin (Fe?), Vinin (Fej), and Vi (Fef ) is
the ground state for Fe?, Fei+, and Fei++, respectively.
The model predicts the Fe; A pair configurational sym-
metries by determining the energetically favorable sites

for Fe;.
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Figure 1. The role of Fe; charge state on the Fe; A; pair
symmetry and stability. The potential curves along (111)
and (100) directions are represented by solid and dashed
lines, respectively.

Fig. 1 shows the potential curves along (111) and
(100 directions for Fe?, Fe; and Fe;*. According to
Figs. la and 1d, stable Fe;Bs; and metastable Fe;Ing
pairs have (111)-trigonal symmetry, while stable Fe;In,
and metastable Fe;B; pairs have (100)-orthorhombic
symmetry. The (111)-trigonal symmetry can be as-
signed to stable FejAl7, Fe"Al7, FefGa,, and
FelTGaj pairs, while metastable Fe; Al;, Fe/TAl7,
FelGa;, and Fel"Ga; pairs show (100) symmetry
(Figs. 1b and 1c). In addition, Figs. 1b and 1c predict
that the stable Fe?GaJ pair exhibits (100) symmetry,
while the stable Fe?AlT pair has equal probability to
show either (111)-trigonal or (100)-orthorhombic struc-
tures. The assignments for stable and metastable struc-
tures are in good agreement with the EPR and DLTS
observations [2]. The stable configuration switches from
(111)-trigonal to (100)-orthorhombic for Fe; A 5 pairs go-
ing from B to Ing, and is related to an increase in
repulsion between A and Fe;.

The minimum of each curve can be used to com-
pute the pair acceptor and donor levels. For Fe; at
near neighbor T sites relative to Ag, the donor level

(Fe:_/"ﬁ_A;)O/Jr is given by
Er(0/+) = Ey + Vinin(Fe]) — Vinin(Fef ) + B9, (2)

where E, is the top of the valence band and E? is the
minimum of the Fezr+ potential curve at near neighbor
sites of A, . The pair acceptor level (Fe?/"_A;)’/O is ob-
tained by adding the difference Viyin (Fe9)-Vynin (Fe) to
the donor level. For isolated Fe;, at remote sites relative
t0 As, Vinin(Fe?)-Viyin (Fej )=0.38 eV, which is consis-
tent with experimental data that only one donor level
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Fe?/+ at E, + 0.38 eV exists in the band gap. In our
model, the difference between V,,;, (Fe?) and me(Fe;L)
for isolated Fe; arises from the elastic energy caused by
electron shell overlap between atoms. Fig. 2 shows the
donor (0/4) and acceptor (-/0) levels for the transitions
as computed by our polarization model for Fe; sitting
at T1 (Fig. 2a) or T2 (Fig. 2b) sites. Our results for
the pair donor and acceptor levels agree very well with
the known experimental data for the (0/+) and (-/0)
transitions.

The PM predicts the correct magnitudes and trends
of the donor level for the T1 site (Ep(1)) and the T2
site (E7(2)) pairs with increasing A, size and decreas-
ing rpe—a as observed in experiments, while the point
charge model would give an opposite trend. Accord-
ing to our model, repulsion and polarization from Ag
should give a maximum contribution at the T1 site and
yield the greatest variation in Fe;A; pair energy lev-
els. This is consistent with the experimental data that
Er(1) displays the greatest sensitivity to As identity
and E7(2) shows relative uniformity. The PM suggests
that the pair acceptor level (Fe?/"_As’)’/O should be-
come shallower in the band gap as A goes from By to
Ing, while recent experimental data [6] suggest that this
level is almost constant for A,.
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Figure 2. Representation of donor and acceptor levels, cor-
responding to (0/+) and (-/0) transitions, for Fe; A;. The
figure shows the levels for the Fe; sitting at a T1 site (a)
and at a T2 site (b). Dashed lines represent the available
experimental results for the respective transitions [2]. VB
and CB represent the valence and conduction bands.
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Table I. Pair binding energies E, (in eV), computed
using the polarization model, for stable Fe;A; in Si,
compared to experimental data.

Fe; As E;°P By

Fe/ B, 0.65[3], 0.58[7]  0.56
Fe Al 0.52[8] 0.58
FelGay 0.53
FeIn; 0.55
Fe/ "B 1.13
FelTAl; 1.04[8] 1.19
Fe/*Ga; 1.16
Fe/ *Iny 1.09

The pair binding energies are shown in Table I. The
model predicts a trend of monotonic decrease with in-
creasing A size for both Fe] and Fe ™. The increase
in binding energy due to valence electronic cloud polar-
ization competes with the repulsive interaction so that
the model gives nearly constant binding energies for
both Fe;” and Fe; ™, consistent with experimental data
[3, 7, 8]. Lattice relaxation clearly plays an important
role in determining the pair binding energy.

The relative population of Fe; A; pairs in a certain
charge state at T1 and T2 sites (Rj2) is calculated,
based on a Boltzmann distribution at thermal equilib-
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where AE1y = Epin(T2) — Epnin(T1) is the energy
difference for Fe; at the T1 and T2 sites, and Z is
the site degeneracy. The relative site populations for
the pairs are compared with results from metastabil-
ity experiments in Table II. Our model provides a good
description of the energy differences between the T1
and T2 sites (AE;2) for all the pairs. The calculated
N(1)/N(2) ratios at T = 200 K, around the temper-
ature of the observed structural transformation [8, 9],
also agree very well with the experimental data.

N(1) 7

Table II. Calculated relative site populations (R;2) at T
= 200 K and energy difference (AE;3), between centers
with Fe; at T1 and T2 sites for the pairs. Experimental
results are in parenthesis.

R12 AE12 (eV)
Fe; B 4.1x10%(co[4])  0.19 (>0.1[4])
Fel Al 1.2 x 10%(2.2[4])  0.09 (0.07[8])
Fe! Ga; 8 (7.0[4]) 0.03 (0.03[10))
Fe In; 3.5 x 1074(0.0[4]) -0.13 (-0.13[9)])
Fe; T B, 4.3 x107(cc0[4])  0.31 (> 0.1[4])
FefTAl; 1.3 x10%(cof4])  0.21 (0.14[8))
FelTGa; 4.0 x 103(co[4])  0.15 (0.13[9))
Fe! TIng 0.12 (0.42[4]) -0.03 (-0.01[9])

In summary, our model captures several effects
within the ionic model framework: (i) trends among the
Fe; A, pairs revealing a deepening of the donor level in
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the band gap with increasing principal quantum num-
ber of A, and decreasing pair separation distance rpe—a;
and (ii) configurational symmetries and the bistability
of the pairs. However, the deviations at E7(1) between
measured and calculated data suggest that other inter-
actions are still missing. The deviations could come
from the limitations of the ionic models at near neigh-
bor T sites. The bulk, treated as dielectric medium,
can still be valid for the space between a T4 site and
the Ay, and between a T2 site and the A;. However, at
the T1 site, the screening would hardly be effectively
described by the bulk dielectric constant, since one of
the Fe; first neighbors is the A;. Covalency involving
the Fe;, A,, and surrounding Si atoms may also play an
important role, as pointed out by first-principles calcu-
lations [11, 12, 13]. Although a complete understanding
on the properties of the pairs should be established with
more detailed experiments and calculations, our model
is important in identifying the contribution of each in-
teraction for the pair formation.
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