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First-principles theory is used to calculate the interactions between interstitial iron or the iron-boron pair and
a vacancy, between interstitial iron and a divacancy, oxygen-vacancy pair, self-interstitial, and interstitial
carbon, as well as substitutional carbon, interstitial oxygen, and the oxygen dimer in silicon. The structures,
charge and spin states, binding energies, and, in some cases, vibrational spectra are predicted. The gap levels
are estimated using the marker method. The strongest interactions involve vacancies, result in the formation of
pairs of metastable defects, and profoundly change the electrical activity of the component species. Iron also
traps at self-interstitial-type defects, but not at interstitial oxygen or substitutional carbon. Several observed but
incompletely characterized defects are identified and trends in the behavior of Fe in Si are discussed.
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I. INTRODUCTION

Iron is one of the most undesirable yet unavoidable tran-
sition metal impurities in integrated circuit as well as photo-
voltaic Si. Many iron-related defects are recombination cen-
ters and reduce minority carrier lifetimes, while Fe clusters
and precipitates at Si /SiOx interfaces degrade the gate oxide
integrity. The numerous sources of iron contamination as
well as the experimental and theoretical research on Fe-
related defect centers have been reviewed.1,2

In the first paper of this series,3 we have reported our
predictions about interstitial iron �Fei�, iron-acceptor pairs
�FeiAs� �where A=B,Al,Ga, In,Tl�, iron interactions with
shallow substitutional donors �P and As�, as well as the in-
teractions of interstitial hydrogen with Fei and the �FeiBs�
pair. This paper also contains the details of the methodology
we use as well as comparisons between calculated and mea-
sured donor and acceptor levels. The present study uses the
same theoretical approach but focuses on less well docu-
mented interactions.

We report here studies of iron interacting with radiation
damage. Specifically, we investigate the complexes resulting
from the interactions between a preexisting vacancy �V� and
Fei and the �FeiBs� pair, the interactions of Fei with the di-
vacancy �V2�, the A center4,5 ��OV� pair�, the self-interstitial
�Sii�, and interstitial carbon6,7 �Ci�. For completeness, we
consider the interactions between Fei and substitutional car-
bon �Cs� and interstitial oxygen �Oi�, which are the most
abundant impurities in as-grown float-zone �FZ� and Czo-
chralski �Cz� silicon, respectively. We also include the inter-
stitial oxygen dimer �OiOi�.

Section II contains a review of the experimental situation.
Section III summarizes the level of theory. The details are
described in Ref. 3 and are not repeated here. Sections IV
and V deal with the interactions of V and Fei and the �FeiBs�
pair, respectively. Sections VI–IX discuss the interactions of
Fei with V2, �OV�, Sii, and Ci, respectively. Section X com-
pletes the picture by examining the possibility of pairing
between Fei and Cs, Oi, and the �OiOi� pair. The results are
discussed in Sec. XI.

II. EXPERIMENTAL INFORMATION

The most common iron-related defects2,3 in Si are isolated
Fei and, in p-type Si, the iron-acceptor �FeiAs� pair. The

former is at the tetrahedral interstitial �T� site. In p-type Si, it
has charge +1 with spin 3 /2 �3/2Fei

+�. In intrinsic and n-type
Si, it has charge 0 with spin 1 �1Fei

0�. The latter has Fei
trapped very near one of the nearest or one of the second-
nearest T sites to the substitutional shallow acceptor As �A is
B, Al, Ga, In, or Tl� in a trigonal or orthorhombic configu-
ration, respectively.

The �FeiAs� pair is weakly bound and dissociates at mod-
erate temperatures. In the case of �FeiBs�, a 30 s annealing at
180 °C fully dissociates the pairs. The process is reversible.
At room temperature, Fei

+ diffuses toward As
− and the pair

forms again. Choi et al.8 reported a substantial increase in
the concentration of �FeiBs� pairs when the sample is left at
room temperature for several days following the 180 °C an-
nealing. They suggested that some electrically inactive form
of Fe was present in their sample.

The situation is more complicated in irradiated or im-
planted samples, where Fei interacts with preexisting vacan-
cies and self-interstitials. Muller et al.9 diffused Fe at
1200 °C for 16 h into large high-resistivity FZ-Si samples
and performed electron paramagnetic resonance �EPR� ex-
periments at low temperatures. Then, the samples were irra-
diated at room temperature with 1.8 MeV electrons, briefly
annealed, and EPR measurements were performed again.

Two EPR centers observed before irradiation are believed
not to involve native defects. NL22, a trigonal center with
spin 4 and four Fe atoms, was proposed to consist of four
neutral interstitial Fe atoms. NL22 anneals out around
160 °C. NL24, first assumed to be irradiation-related but
later seen10 as a quenched-in defect, has monoclinic I sym-
metry, two equivalent Fe atoms, and probably spin 5 /2 with
g close to 2 �a fit to a spin 1 /2 Hamiltonian is also possible
but leads to unusual g values�. NL24 anneals out at 60 °C
and was proposed to be a �FeiFei�+ pair.

Numerous EPR centers appear following electron irradia-
tion, but only five of them could be resolved.9 NL19 is trigo-
nal, contains one Fe atom, has spin 3 /2, and anneals out at
160 °C. It was proposed to be a trigonal iron-vacancy pair,
�FeiV�+. NL20 is also trigonal, contains two Fe atoms, has
spin 1 /2 or 5 /2, and anneals out at 160 °C. A trigonal
�FeiVFei�+ complex was proposed. NL21 is monoclinic I,
contains two Fe atoms, has spin 1 /2 or 5 /2, and anneals out

PHYSICAL REVIEW B 77, 125214 �2008�

1098-0121/2008/77�12�/125214�9� ©2008 The American Physical Society125214-1

http://dx.doi.org/10.1103/PhysRevB.77.125214


at 250 °C. The model was a �FeiV2Fei�+ complex. NL23 is
triclinic with spin 1 /2 and anneals out at 100 °C. The num-
ber of Fe atoms involved was not resolved, and no model has
been proposed for it. Finally, NL25 is rhombic II, contains
two Fe atoms, has spin 5 /2, and anneals out at 150 °C. The
model was also a �FeiVFei�+ complex.

Mchedlidze and Suezawa11–13 performed a similar set of
experiments, but with more energetic �3 MeV� e− irradiation.
They reported a trigonal spin 3 /2 defect containing Fe which
was described first as one defect, and then as two distinct
defects �TU1 and TU2�.11 It was also referred to as the NL19
iron-vacancy �FeiV� center discussed above. Although the
spin, symmetry, and involvement of a single Fe atoms match,
the g tensors of NL19 and the new defect�s� are not quite the
same, which was first suspected to be due to a slight mis-
alignment of the samples.14 The defect was later described
using the same spin Hamiltonian parameters as NL19.12

However, the new defect anneals out13 near 500 °C, which is
much higher than the temperature at which NL19 disappears
�160 °C�, and implies a defect more stable than the diva-
cancy or the A center. Another trigonal center with spin 1
was described as a different configuration of the same center.
Since a change of spin from 3 /2 to 1 implies that the number
of odd electrons changes by 1, it would have to be a different
charge state. Yet, the relative intensities of the spin 3 /2 and
spin 1 defects are independent of the doping, irradiation
dose, or illumination.11

Another trigonal center was reported in the same study.13

It contains two iron atoms and was interpreted as the NL20
��FeiVFei�+� defect. However, it too anneals out at higher
temperatures �300–350 °C� than its NL counterpart
�160 °C�. Photo-EPR data13,15 show that the defect assigned
to the �FeiV� center has a hole trap at Ev+0.50 eV, while the
defect assigned to the �FeiVFei� center has a trap at Ev
+0.53 eV.

Experimental information about Fe interactions with na-
tive defects has also been provided by Mössbauer
spectroscopy.16–19 In these experiments, 57Mn is implanted
and decays into 57Fe with a half-life �1/2�90 s. The recoil
during the decay into 57Fe creates Fei and a vacancy, sepa-
rated by an estimated 5–10 Å.

In addition to an unknown Fe center, three defects have
been identified. At lower temperatures, interstitial iron Fei
�recoil speed d=0.76–0.86 mm /s� dominates. Annealing in-
creases the fraction of a center labeled FeN with d
=0.44–0.51 mm /s. The concentration of this photosensitive
center reaches a maximum at about 600–750 K and is inter-
preted as a �FeV� pair. Its formation17 involves an activation
energy for diffusion of the order of 0.67–0.88 eV, consistent
with the diffusion of Fei. At higher temperatures, substitu-
tional iron Fes dominates, with a much smaller recoil speed
d=−0.08 to +0.03 mm /s. Its occurrence correlates with
high vacancy concentrations. Dynamics at 600 K
suggest18–20 that Fei jumps into vacancies. However, no de-
fect resembling Fes has been reported in the EPR experi-
ments in irradiated samples.

Further evidence for the existence of Fes is provided by
channeling data.21 The samples are implanted with 59Mn
which decays in 4.5 s into 59Fe, releasing some 200 eV. The
half-life of 59Fe is about 45 days. Its �− decay allows chan-

neling pattern to be measured along various crystalline direc-
tions and then fit to various assumed sites for Fe. The chan-
neling patterns indicate an ideal substitutional site �above
800 °C�, a “displaced substitutional” site ��0.4–0.7 Å away
from the substitutional site�, a “displaced T” site
��0.3–0.8 Å away from the T site�, as well as an unidenti-
fied random site.

Deep-level transient spectroscopy �DLTS� studies22 in ir-
radiated and Fe-contaminated samples show that anomalous
early stages ��150 °C� of annealing of divacancies correlate
with the appearance of a new donor level at Ev+0.184 eV,
attributed to a Fe-divacancy complex. This defect is stable up
to at least 400 °C, the maximum annealing temperature used
in these experiments.

Kustov et al.23 investigated the formation of Fe com-
plexes in e−-irradiated samples with different C concentra-
tions. They reported that, following irradiation, the concen-
tration �Fei� of interstitial iron drops to 1 /3 of its initial value
if �C�=5�1016 cm−3 and to 2 /3 of its initial value if �C�
=4�1017 cm−3. However, no evidence for direct Fe-C inter-
actions was given. Indeed, substitutional C is a major trap for
self-interstitials in irradiated material,7 resulting in an excess
vacancies as well as interstitial C defects. The drop in �Fei�
could result from for example from Fei-V or Fei–Ci interac-
tions.

It has been reported24 that Fe prevents the precipitation of
Oi, but also that it enhances it.25–27 There is evidence that Fe
enhances the formation of O-induced stacking faults.28–30

These correlations do not necessarily imply the existence of
Fe-O complexes since Sii’s are generated by oxygen precipi-
tation. Electrical studies31 of a deep hole trap, the T3 center
in Cz-Si, show that it consists of two defects. T3a occurs only
in as-grown Cz-Si and is identified with residual Fei impuri-
ties. T3b, with a level at Ev+0.33 eV, occurs only in ther-
mally treated and slow-cooled samples. It is proposed to be a
complex involving Fe and several O impurities.

Several authors32,33 have reported that, in irradiated
samples, a new acceptor level at Ec−0.36 eV appears follow-
ing �100 °C annealings. The intensity of this DLTS signal
correlates22,34,35 with the disappearance of the A center,
which normally anneals out around 350 °C. This effect only
appears in samples containing Fe, and the formation of a
�FeOV� complex was proposed.

Kustov et al.23 also reported a decrease in the concentra-
tion of A centers during iron precipitation. Wünstel and
Wagner36 reported the appearance of a level at Ev+0.33 eV
after slow cool following Fe in-diffusion, and assigned it to
an iron-oxygen complex. This level is also observed31 in the
slow-cooled samples of Castaldini et al. but was interpreted
in terms of a �FeOn� complex. Mchedlidze and Matsumoto37

observed by electrically detected magnetic resonance
�EDMR�, a new signal which correlates with the Fe concen-
tration and is seen in Oi-rich Cz-Si but not in FZ-Si. The
trigonal EDMR signal detected after Fe contamination con-
verts to orthorhombic symmetry following long annealings at
450 °C, the temperature at which O-related thermal donors
form.

Thus, a large number of Fe-related defects are seen in
irradiated, implanted, and/or annealed Si samples. However,
the experimental information and/or the tentative identifica-
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tion provided by various authors is sometimes inconsistent or
even contradictory. Few if any of these defect centers are
satisfactorily identified. Our goal is to predict which types of
defects occur when iron is allowed to interact with pre-
existing native defects, which we assume to be provided by
some energetic process.

III. METHODOLOGY

The details of our approach are detailed in the first3 of this
series of papers on Fe in Si. Therefore, we restrict ourselves
here to a brief overview. The host crystal is represented by
periodic supercells. The nuclear dynamics are carried out
using ab initio molecular-dynamics �MD� simulations. The
core regions are removed from the calculations with ab initio
type pseudopotentials and the electronic problem is solved
within first-principles spin-density-functional theory.38

The calculations are carried out using two packages, VASP

�Refs. 39–42� and SIESTA,43,44 within the generalized gradi-
ent approximation for the exchange-correlation potential �see
Ref. 45 for VASP and Ref. 46 for SIESTA�. As shown in Ref. 3,
the results predicted by the two methods are very close to
each other. The results presented here are mostly obtained
using SIESTA, but VASP has been used to double-check some
results. These situations are indicated in the paper.

The VASP calculations use ultrasoft Vanderbilt-type
pseudopotentials47 which are included in the VASP package,
and plane-wave basis sets with a cutoff of 321 eV. The SI-

ESTA calculations use norm-conserving pseudopotentials in
the Troullier–Martins form.48 The basis sets for the valence
regions are linear combinations of numerical atomic
orbitals.43,49,50 We use double-zeta basis sets �two sets of
valence s and p’s� for B, C, and O, and double-zeta polarized
basis sets �two sets of valence s and p’s plus one set of d’s�
for Si and Fe. The charge density is projected on a real-space
grid with an equivalent cutoff of 250 Ry to calculate the
exchange-correlation and Hartree potentials.

The SIESTA Fe pseudopotential has been optimized by Iz-
quierdo et al.51 and García-Suárez et al.52 It includes nonlin-
ear core corrections. We use the same orbital populations in
VASP as in SIESTA. The SIESTA pseudopotential for other ele-
ments have been optimized using the experimental bulk
properties of the perfect solids and/or first-principles
calculations53 as well as vibrational properties of free mol-
ecules or known defects, when experimental data are avail-
able. This testing leads to some fine tuning of the pseudopo-
tential parameters relative to the purely atomic ones: small
changes in the core radius and/or orbital populations. Once
optimized, we take these pseudopotentials to be transferable
to the defect problems at hand. Note that Pruneda et al.54

have studied Fe /Si systems and shown that the
pseudopotential/SIESTA approach provides results in excel-
lent agreement with the all-electron tight-binding linear
muffin-tin orbital method.

The host crystal is represented by a 64 host atoms peri-
odic supercell. The lattice constant of the perfect cell is op-
timized. The defect geometries are optimized with a conju-
gate gradient algorithm. A 2�2�2 Monkhorst–Pack55 mesh
is used to sample the Brillouin zone except for the calcula-
tion of dynamical matrices and gap levels.

The dynamical matrices are calculated using the force-
constant method with k-point sampling restricted to the �
point. The gap levels are estimated using the marker
method.56 We choose the perfect crystal as a reference point
since no single marker is appropriate for all the defects stud-
ied in the paper. Our best estimates for the gap levels are
obtained with a 3�3�3 k-point sampling. Reference 3 con-
tains a compilation of measured and calculated �with the
same approach� donor and acceptor levels for various Fe-
related defects in Si. The average error for both acceptor and
donor levels is 0.06 eV, with a maximum of 0.14 eV.

IV. Fei AND A PREEXISTING V

We performed a series of MD simulations in which the Si
atoms in the supercell are allowed to relax but the Fe atom is
forced to move at constant speed along a trigonal axis start-
ing near a T site, over the hexagonal site to the T site nearest
to the vacancy, then into the vacancy. In order to achieve a
constant speed, we reset the velocity of the Fe to zero at each
time step. Such a “quasistatic” calculation of the potential
energy surface allows us to evaluate the importance of the
relaxation of the host crystal. Indeed, if we push Fe very
slowly, the crystal has plenty of time to relax for each inter-
mediate position of the impurity and we obtain an adiabatic
potential energy surface. If instead we push Fe very fast, the
crystal has little time to relax at all, a situation similar to the
frozen-crystal approximation. Figure 1 shows that the inter-
actions between �neutral� Fei and a preexisting �neutral� va-
cancy lead to two distinct defects; the trigonal �C3v� iron-
vacancy pair �FeiV� and the tetrahedral substitutional iron
Fes. The two defects are compared in Fig. 2.

A. {FeiV}

The barrier that Fei must overcome to hop from the �FeiV�
configuration to the substitutional site and become Fes varies

FIG. 1. �Color online� Energetics of Fei forced to move at con-
stant speed along the �111	 direction from a T site �T2� over the
hexagonal site �H� to the T site �T1� nearest to the vacancy, then
into the vacancy past the substitutional site �S�. The constant force
�eV/Å� used and the number �N� of time steps along the trajectory
are indicated. A large force �small N� means that the crystal has
little time to relax as Fe moves. The zero of the energy E��� cor-
responds to Fei infinitely far away from the vacancy. Qualitatively
similar curves are obtained in various charge and spin states.
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from 0.45 to 0.75 eV, depending on the amount of lattice
relaxation allowed, the spin, and charge state. The height of
this barrier is consistent with the thermal stability �160 °C�
of the NL19 EPR center.9 The stable spin states are
1/2�FeiV�− �3/2�FeiV�− is 0.21 eV higher in energy� and
1�FeiV�0 �0�FeiV�0 and 2�FeiV�0 are 0.06 and 0.35 eV higher
in energy�, while 1/2�FeiV�+ and 3/2�FeiV�+ are nearly degen-
erate �within 0.04 eV�. Note that an electron in a valence
orbital overlaps with other electrons in the system and its
spin easily flips to the ground state configuration. In contrast,
a localized spin, such as a nuclear spin, remains very stable
unless a magnetic field is present. The binding energies of
1�FeiV�0 and 1/2�FeiV�+ relative to isolated 1Fei

0 and 3/2Fei
+

plus an isolated vacancy are 1.62 and 1.50 eV, respectively.
The iron atom is located 0.23, 0.18, and 0.20 Å away

from the ideal T site in the �, 0, and � charge states, re-
spectively. The equilibrium site of iron in �FeiV� makes this
defect a possible candidate as the “off-T-site” species ob-
served in channeling experiments.21

The �FeiV� pair has a donor and an acceptor level in the
gap, which we calculate to be at Ev+0.35 eV and Ec
−0.71 eV, respectively. For comparison, isolated Fei has
only a donor level3 at Ev+0.37 eV �measured2 Ev
+0.39–0.45 eV�.

B. Fes

Fes is stable at the ideal substitutional site with Td sym-
metry. The energy difference between 0Fes

0 and isolated 0V0

and 1Fei
0 is 2.92 eV. This binding energy is substantial, but

smaller than the formation energy of the vacancy which is on

the order of 3.4–4.0 eV.57 Thus, while unable to create a
vacancy to become substitutional, Fei readily interacts with a
preexisting one.

In agreement with earlier theoretical predictions based on
Green’s functions calculations,58,59 we find no donor level
associated with Fes. Thus, the donor level of Fei is passivated
by the vacancy. We also agree with the Green’s functions
predictions that, in the neutral charge state, the spin state of
Fes is 0, making it invisible to EPR �1Fes

0 is higher in energy
by 0.32 eV�. This low value of the spin reflects the fact that
the d orbitals of Fe hybridize with the reconstructed bonds of
the neutral vacancy, resulting in electron pairing in covalent
bonds.

In contrast to the earlier predictions,58,59 we find a deep
acceptor level at EC−0.41 eV �VASP: EC−0.29 eV�. In n-type
material, substitutional iron is 1/2Fes

−. Note that Kaminski et
al.15 conclude their study with the following: “…we can ten-
tatively assign the trap P11 �380 meV� to an acceptor state of
Fes.” While short of a proof, this statement combined with
our results suggest that further experimental studies of this
center are desirable.

V. {FeiBs} PAIR AND A PREEXISTING V

Since vacancies are mobile at room temperature and the
�FeiBs� pair is common in Fe-contaminated p-type Si, we
considered the possibility that these two defects interact. The
most stable complex is trigonal with Fes and Bs at adjacent
substitutional sites,

3/2�FeiBs�
0 + 0V0 → 3/2�FesBs�

0 + 2.38 eV.

Another 0.32 eV is gained by reaching the ground state
1/2�FesBs�

0. Here again, the gain in energy is too small for
this reaction to occur spontaneously. The vacancy must be
provided.

The �FesBs� defect has no donor level but a deep acceptor
level at Ec−0.84 V. For comparison, the �FeiBs� pair has a
donor and an acceptor level3 at Ev+0.11 eV and Ec
−0.29 eV, respectively �the calculated and measured values
coincide for this defect�. As was the case for Fes, the vacancy
passivates the donor level of �FeiBs� when forming �FesBs�.

VI. Fei AND A PREEXISTING V2

As in the case of Fei+V, we performed a series of MD
simulations in which the Si atoms in the supercell are al-
lowed to relax, while the Fe atom is forced to move at con-
stant speed along the trigonal axis starting near a T site, over
the hexagonal site to the T site nearest to V2 then into the
divacancy. Figure 3 shows that the interactions between
�neutral� Fei and a preexisting �neutral� divacancy lead to
two trigonal defect centers: the �FeiV2� �C3v� and �VFeV�
�D3d� complexes. The two defects are compared in Fig. 4.

A. {FeiV2}

The barrier that Fe must overcome from �FeiV2� to hop
into the divacancy, 0.8–1.5 eV, depending on the amount of
relaxation allowed and the spin and/or charge states, is much

FIG. 2. �Color online� The �FeiV� pair �top� has Fei trapped
outside V on a trigonal axis. The tetrahedral Fes �bottom� is on site
at an almost unrelaxed substitutional site. The location of the per-
fect T and S sites are marked by a cross and a small circle,
respectively.
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higher than in the case of Fe hopping from �FeiV� into V.
One reason for the higher barrier is that V2 reconstructs dif-
ferently from V. Another reason is that, in the lowest-energy
configuration, Fe is not at the nearest substitutional site but
farther away, halfway between the two vacancies. The high
barrier implies that �FeiV2� is stable up to considerably
higher temperatures than �FeiV�. However, the immediate en-
vironment around the Fe atom is similar for both trigonal
�FeiV� and �FeiV2� defects. The small differences in the g
factors between NL19 and TU2 could result from small dif-
ferences in the host crystal relaxations around �FeiV� vs
�FeiV2� rather than to some misalignment of the sample14 or
to the existence of two centers.

The stable spin states are 1/2�FeiV2�− �3/2�FeiV2�− is
0.15 eV higher in energy�, 1�FeiV2�0 �0�FeiV2�0 and 2�FeiV2�0

are 0.19 and 0.21 eV higher in energy�, while 3/2�FeiV2�+ and
1/2�FeiV2�+ are degenerate �within 0.01 eV�. Thus, while
3/2�FeiV2�+ is not consistent with any of the NL defects,9 it is
consistent with the TU center observed by Mchedlidze and
Suezawa.11–13 Since the samples in the latter experiments
have been subject to 3 MeV e− irradiation �in contrast to
1.8 MeV in Ref. 9�, higher concentrations of divacancies
could be present. An additional complication in the EPR
spectrum could result from the coexistence of 3/2�FeiV2�+ and
1/2�FeiV2�+.

The binding energies of �FeiV2� in the 0 or � charge
states relative to isolated 0V2

0 and 1Fes
0 or 3/2Fes

+ are 1.69 and
1.57 eV, respectively. The iron atom is 0.51, 0.50, and
0.35 Å away from the ideal T site in the �, 0, and � charge
states, respectively. As was the case for �FeiV�, the equilib-
rium site of iron in �FeiV2� makes this defect a possible can-
didate to be the off-T-site species observed in channeling
experiments.21

The �FeiV2� complex has a donor and an acceptor level in
the gap, which we calculate to be at Ev+0.25 eV and Ec

−0.75 eV, respectively. The position of the donor level is
consistent with the DLTS center at Ev+0.184 eV reported by
Komarov.22 The appearance of this center correlates with the
disappearance of divacancies. It is stable up to at least
400 °C.

B. {VFeV}

The iron-divacancy defect �VFeV� has a sixfold Fe lo-
cated halfway between the two vacancies. In the � charge
state, the 1/2�VFeV�− and 3/2�VFeV�− are degenerate �within
0.02 eV�. In the 0 charge state, the stable spin state is
1�VFeVF�0 �0�VFeV�0 and 2�VFeV�0 are 0.56 and 0.15 eV
higher in energy�. �VFeV� has no donor level.

If isolated 1Fei
0 traps at a preexisting divacancy and forms

1�VFeV�0, the gain is energy is 3.02 eV. If 0V0 traps at
1�FeiV�0 and forms 1�VFeV�0, the gain in energy is 2.86 eV.
Finally, if 0Fes

0 traps a vacancy and forms 1�VFeV�0, the gain
in energy is 1.56 eV.

The perfect crystal is a good marker for donor levels, and
often works well for single acceptor levels, but it is not a
good marker for double acceptor levels. The single and
double acceptor levels of the isolated divacancy are known60

to be at Ec−0.42 eV and Ec−0.23 eV, respectively. There-
fore, we used the isolated divacancy as a marker in the case
of �VFeV�. We then find that �VFeV� has a single and a
double acceptor levels at Ec−0.73 eV �VASP: Ec−0.64� and
Ec−0.55 eV �VASP: Ec−0.48�, respectively.

FIG. 4. �Color online� The �FeiV2� pair �top� has Fei trapped
outside V2 on a trigonal axis. The trigonal �FeVFe� defect �bottom�
has Fe halfway between the two vacancies. The locations of the
perfect T and S sites are marked by a cross and small circles,
respectively.

FIG. 3. �Color online� Energetics of Fei forced to move at con-
stant speed along the �111	 direction from a T site �T2� over the
hexagonal site �H� to the T site �T1� nearest to V2, then into the
divacancy through the two substitutional sites �S2 and S1, respec-
tively�. The constant force used �eV/Å� and the number �N� of time
steps needed to cover the trajectory for the various runs are indi-
cated in the figure. A large force �small N� means that the crystal
has little time to relax as Fe moves. The zero of the energy E���
corresponds to Fei infinitely far away from the divacancy. Qualita-
tively similar curves are obtained in various charge and spin states.
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VII. Fei AND THE A CENTER

An immediate consequence of the irradiation of Cz-Si is
the trapping of a vacancy by Oi resulting in the �OV� defect,
better known as the A center.4,5 We performed constant-
temperature MD simulations in the range of 800–1000 K
with a 1.0 fs time step, starting with Fei at a T site nearest to
�OV�. After a few thousand time steps, Fe had pushed O out
of the vacancy and become substitutional, while O bridges
one of the nearest Si-Si bonds �Fig. 5�, forming the �FesOi�
defect. The reaction occurs at a substantial gain in energy,

1Fei
0 + 0�OV�0 → 1�FesOi�

0 + 1.91 eV.

Another 0.1 eV energy gain occurs when a spin flips to the
stable 0�FesOi�

0 configuration. This configuration is more
stable than isolated Oi and 0Fes

0 by 0.3 eV. Note that inter-
stitial copper encountering the A center has been predicted62

to exhibit similar behavior, except that the lowest-energy
configuration is not a �CusOi� defect but isolated Oi and
Cus :Cui+ �OV�→Cus+Oi+2.13 eV.

The �FesOi� defect has no donor level but an acceptor
level at Ec−0.36 eV. In n-type material, the stable state is
1/2�FesOi�

− �the 3/2�FesOi�
− state is 0.22 eV higher in energy�.

This calculated acceptor level coincides with that associated
by several authors22,34,35 with an unidentified �FeOV� com-
plex, the formation of which correlates with the disappear-
ance of the A center.

The asymmetric stretch of O in 0�FesOi�
0 is at 1065 cm−1.

For comparison, the calculated �measured61� local vibrational
modes �LVMs� of Oi and the A center are at 1144 cm−1

�1136 cm−1� and 809 cm−1 �836 cm−1�, respectively.

VIII. Fei AND A PREEXISTING Sii

The possibility of interactions between Fei and a self-
interstitial has not been considered in the interpretation of the
experimental data since most of the samples used in the
e−-irradiation studies were FZ-Si, in which the dominant im-
purity is Cs, a well-known trap for self-interstitial, resulting

in the formation of Ci and related complexes.63 These
samples tend to be vacancy-rich following irradiation. How-
ever, some concentration of Sii remains present. Further, the
dominant impurity in Cz-Si is Oi, a strong trap for vacancies
�resulting in the formation of A centers�. Therefore,
e−-irradiated Cz-Si tends to be rich in self-interstitials.

The interactions between Fei and Sii are not as energetic
as those involving vacancies, but trapping occurs nonethe-
less. Figure 6 shows the lowest-energy configuration of the
�FeiSii� pair. The Fei-Sii direction is slightly off a 110 axis,
while isolated Sii is exactly along on that axis.64 The pair has
a donor level at Ev+0.42 eV, quite close to that of isolated
Fei, and no acceptor level.

The stable spin states are 1�FeiSii�
0 �0�FeiSii�

0 is very
close, 0.05 eV higher in energy� and 3/2�FeiSii�

+ is
�1/2�FeiSii�

+ 0.08 eV higher in energy�. The binding energy
relative to the isolated 3/2Fei

+ and 0Sii
0 is 1.07 eV, and the

�FeiSii� complex is stable well above room temperature.
Thus, Fei could play a role in facilitating the precipitation of
oxygen by providing a low-energy trap for the self-
interstitials that are generated during this process. Further,
Fei is likely to trap at self-interstitial clusters and/or disloca-
tion loops near O precipitates.

IX. Fei AND Ci

An immediate consequence of the irradiation of FZ-Si is
the trapping of a self-interstitial by Cs resulting in the forma-
tion of Ci.

6,7 We optimized the geometries of all the possible
configurations involving Fei and Ci. The binding energies
relative to isolated Ci and Fei are rather small

1Fei
0 + 0Ci

0 → 1�FeiCi�
0 + 0.52 eV

and

3/2Fei
+ + 0Ci

0 → 3/2�FeiCi�
+ + 0.73 eV.

The donor and acceptor levels of the �FeiCi� pair are at
Ev+0.67 eV and Ec−0.44 eV, respectively. The stable spin
states are 3/2�FeiCi�

− �the 1/2�FeiCi�
− state is 0.11 eV higher

FIG. 5. �Color online� If Fei encounters the A center, it pushes O
out of the vacancy and takes its place. The �FesOi� defect has inter-
stitial oxygen bridging one of the Si-Si bonds adjacent to Fes.

FIG. 6. �Color online� If Fei encounters a preexisting self-
interstitial, it forms the �FeiSii� defect with a gain in energy of over
1 eV.
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in energy�, 1�FeiCi�
0 �the 0�FeiCi�

0 and 2�FeiCi�
0 states are

0.42 and 0.11 eV higher in energy, respectively�, and
3/2�FeiCi�

+ �the 1/2�FeiCi�
− state is 0.16 eV higher in energy�.

The structure is nearly identical in all three charge states
�Fig. 7�.

The LVMs of Ci in 3/2�FeiCi�
− are at 848 and 746 cm−1.

For comparison, the calculated65 LVMs of isolated Ci are at
969 and 903 cm−1 �measured:66 931 and 920 cm−1�, respec-
tively.

X. Fei AND Cs, Oi, {OiOi}

Interstitial oxygen and substitutional carbon are the most
common impurities in Cz-Si and FZ-Si, respectively. Even
though there is no direct evidence2 of complexes involving
Fei and either Oi or Cs, we considered the possibility of
interactions between these species.

We find no �FeiCs� complex in the � or 0 charge states
�the most stable configurations is 0.07 or 0.24 eV less stable
than the isolated species, respectively�. This result is not very
surprising since typical Si-C and Fe-C bond strengths67 are
4.5 and 1.6 eV, respectively, implying that C will always
prefer to bind to Si rather than Fe.

Similarly, there are no stable configurations with Fei at or
near any T site adjacent to Oi. The most stable structure is
0.02 eV less stable than the isolated impurities. As for Fei
near the �OiOi� pair, the binding energy in the � charge state
�spin 3 /2� is a tiny 0.04 eV, a number far too small to com-
pensate for nonzero temperature effects.68 Thus, we find that
no interactions take place between Fei and either Oi or the
�OiOi� pair. Here again, typical bond strengths67 strongly fa-
vor Si-O �8.0 eV� over Fe-O �3.9 eV� bonding.

XI. DISCUSSION

First-principles theory is used to predict the interactions
between Fei and a range of defects resulting from energetic
processes such as implantation or irradiation: V, V2, �OV�,
Sii, and Ci. In the case of the monovacancy, interactions with

both Fei and the �FeiBs� pair are considered. For complete-
ness, we also study the interactions between Fei and the most
common impurities in as-grown FZ- and Cz-Si, Cs, and Oi,
respectively, as well as the �OiOi� dimer. The configurations,
charge and spin states, binding energies, and approximate
acceptor and donor levels of �FeiV�, Fes, �FesBs�, �FeiV2�,
�VFeV�, �FesOi�, �FeiSii�, and �FeiCi� are predicted. To facili-
tate experimental identification, we also calculate the LVMs
associated with �FesOi� and �FeiCi�. There is no binding en-
ergy between Fei and Cs, Oi, or �OiOi�.

A. Common features and trends

The strongest interactions involve Fei and vacancylike de-
fects. In the four cases investigated here �vacancy, iron-boron
pair, divacancy, and A center�, the most stable complex has
Fe inside the void, covalently bound to the host crystal, with
a gain in energies of 2.0 eV ��FesOi��, 2.7 eV ��FesBs��,
2.9 eV �Fes�, and 3.0 eV ��VFeV��, relative to isolated Fei
and �OV�, V and �FeiBs�, V and Fei, and V2 and Fei, respec-
tively.

In the case of Fei interacting with V or V2, a metastable
defect is generated, �FeiV� or �FeiV2�, respectively. It in-
volves Fei trapped off the T site, along the trigonal axis, but
outside V or V2. The binding energy relative to isolated Fei is
of the order of 2 eV and the barrier that Fei must overcome
to reach the stable configuration �Fes and �VFeV�, respec-
tively� is of the order of 0.6 and 1.2 eV, respectively. The
precise values of these energies depend on the charge and
spin state.

Upon formation of �FesBs�, �FesOi�, Fes, and �VFeV�, the
donor level associated with interstitial iron ��Ev+0.4 eV�
disappears and an acceptor level appears at Ec−0.84 eV,
Ec−0.36 eV, Ec−0.41 eV, and Ec−0.73 eV, respectively.
The passivation by vacancies of the donor levels of both Fei
and �FeiBs� has consequences. For example, an injection of
vacancies occurs during the high-temperature annealing that
follows the deposition of an SiNx antireflection coating on Si
solar cells.69 This treatment generally improves the effi-
ciency of cells, as H diffuses from the surface layer into the
bulk which results in the passivation of some defect centers.
Our results show that vacancy injection could also play a
role in this process by passivating the deep donor activity of
Fei and �FeiBs�.

All the complexes which contain interstitial iron, namely,
�FeiV�, �FeiV2�, �FeiSii�, and �FeiCi�, have a donor level in
the gap at Ev+0.35 eV, Ev+0.25 eV, Ev+0.42 eV, and Ev
+0.67 eV, respectively. These levels are close to that of iso-
lated Fei �calculated3 Ev+0.37 eV and measured2 Ev
+0.39–0.45 eV�.

The complexes which involve Fei and either Ci or a va-
cancy, namely, �FeiCi�, �FeiV�, and �FeiV2�, also have a deep
acceptor level in the gap, Ec−0.44 eV, Ec−0.71 eV, and Ec
−0.75 eV, respectively. In the case of �VFeV�, a double ac-
ceptor level at Ec−0.55 eV is present. Figure 8 shows the
calculated gap levels associated with all the defects consid-
ered here, compared to isolated Fei and the �FeiBs� pair.

When Fei interacts with the A center, it expels O from the
vacancy, and takes its place, with a 2 eV gain of energy. The

FIG. 7. �Color online� When Fei encounters a carbon interstitial,
it forms the �FeiCi� pair with a maximum gain in energy of about
0.7 eV �� charge state�.
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result is the �FesOi� defect. The O-related LVM in 0�FesOi�
0

is at 1065 cm−1. Fei also traps at Ci. The binding energy of
this pair is smaller, at best 0.7 eV in the case of 3/2�FeiCi�

+.
The C-related LVMs are at 848 and 746 cm−1.

B. Connection to observed defects

The calculated properties of 3/2�FeiV�+ and 3/2�FeiV2�+ are
consistent with those of the NL19 and TU2 EPR centers,

respectively. Either one of these two defects could be the off-
T-site center�s� observed in the Mössbauer and channeling
experiments since the only experimental signature in this
case is an approximate location of the Fe atom.

The closest defect we find that could be identified with the
off-substitutional site reported in the channeling data is
�VFeV�. However, in this defect, Fe is about 1.2 Å away
from a perfect substitutional site, about twice the experiment
value �0.4–0.7 Å�. Further, there is no evidence that high
concentrations of V2 are generated in the channeling experi-
ments. In the �FesOi� defect, Fe is almost exactly at the sub-
stitutional site. The off-substitutional site reported in the
channeling experiments remains unidentified.

�FesOi�, characterized by a level at Ec−0.36 eV, is likely
to be the �FeVO� center reported in DLTS studies.22,34,35 The
formation of the defect occurs at a temperature where Fei is
highly mobile, the large binding energy is consistent with the
high annealing temperatures reported, and the gap level is
just right.
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