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Interstitial Fe in Si and its interactions with hydrogen and shallow dopants
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The properties of interstitial iron in crystalline silicon and its interactions with hydrogen, shallow acceptors
(B, Al, Ga, In, and TI), and shallow donors (P and As) are calculated from first-principles in periodic supercells.
The interactions between the {Fe,B} pair and interstitial hydrogen are also examined. The configurations,
electronic structures, and binding energies are predicted. The relative stability of the trigonal and orthorhombic
structures of the Fe-acceptor pairs are calculated as a function of charge state and temperature. The gap levels
are estimated using the marker method. The vibrational spectra of the complexes containing light impurities (H

or B) are predicted.
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I. INTRODUCTION

Transition metal (TM) impurities are common and most
often undesirable contaminants in both integrated-circuit
grade Si and Si-based photovoltaic materials. Istratov, Hiesl-
mair, and Weber have reviewed the properties of Fe and its
complexes in Si (Ref. 1) as well as the possible sources of Fe
contamination.> These reviews underscore how little is
known at the atomic level about the chemistry of Fe in Si.

Some Fe is always present in the source material. Its solu-
bility sharply decreases as the sample cools down from the
melting point to room temperature. Thus, the as-grown crys-
tal is often supersaturated with Fe. Interstitial iron (Fe;)
readily diffuses and traps within hours at shallow acceptors
or TMs, precipitates a various defects including oxides, and
may even form silicides. Many of these defects are magneti-
cally and electrically active.

More than thirty Fe-related complexes have been detected
by electron paramagnetic resonance (EPR), electron-nuclear
double resonance (ENDOR), deep-level transient spectros-
copy (DLTS) or other experimental techniques. In some
cases, a specific center has been identified. In many cases,
the structure of the defect is not conclusively known. A sum-
mary of the key results relevant to the present work is as
follows.

EPR,? ENDOR,* and Méssbauer studies>® show that Fe;
resides at the tetrahedral interstitial (7)) site. The fitting of 8~
channeling patterns’ following the implantation of the radio-
active isotope *°Fe implies that Fe becomes substitutional
following high-temperature (above 800°C) anneals. At lower
temperatures, Fe is near T site, where “near” means
0.3-0.8 A. Such a large displacement and the associated
symmetry lowering relative to the T site is not observed in
the EPR and ENDOR data. It is possible that the defect cen-
ters formed in the channeling experiments involve native de-
fects.

The diffusivity of Fe; has been measured by a number of
groups using a range of experimental methods. The activa-
tion energies' span the range 0.49-0.92 eV. The charge state
of the diffusing species is not always known with certainty
and trap-limited diffusion could affect some measurements.
A fit to all the data over a wide range of temperatures leads'
to the activation energy for diffusion ~0.67 eV. Several
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authors®? find that the activation energy for diffusion of Fe;
(~0.69 eV) is lower than that of Fe? (~0.84 eV). These val-
ues have been debated.'®!" Measurements of the formation
rates of Fe-acceptor pairs show that the pairing kinetics are
largely independent of the dopant and involve'? an activation
energy in the range 0.66—0.68 eV, suggesting that the pro-
cess is limited by the diffusion of Fe].

Hall effect and resistivity measurements show
the existence of a donor level of Fe;, but iron contamination
of n-type Si does not reduce the concentration of free elec-
trons, suggesting that the isolated interstitial has no deep
acceptor level. The position of the (0/+) level has been mea-
sured to be in the range 0.39-0.45¢V (Ref. 1) from
photoionization,'>!® DLTS, #1729 and the monitoring of the
EPR intensities of Fe] and Fe) as a function of the Fermi
level.?! The latter work confirms that only Fe} and Fe? exist
for Fermi levels in the range E,+0.045 eV to E.—0.045 eV.

Ludwig and Woodbury?> and Feher?® have proposed a
model for the electronic structure of 3d TM impurities in the
Si crystal field. The (atomic) 4s electrons are transferred to
the 3d shell. In tetrahedral symmetry, these electrons popu-
late a t, and an e levels (the latter is slightly higher in en-
ergy) in accordance with Hund’s rule. In the case of Fe? for
example, the 453d° atomic structure becomes 4s°3d®, the
eight electrons populate the 7, and e levels, and Fe? has spin
1. Similarly, Fe; has spin % These spin states are consistent
with the EPR data. Note that since the e level is above the t,
level, Fe:i+ is an orbital triplet and a Jahn-Teller distortion
should result. The EPR lines associated with Fe are much
broader than those associated with Fe!. This could be con-
sistent with a dynamic Jahn-Teller effect.>*2

In p-type material, Fe] readily interacts with (ionized)
shallow acceptors. The trigonal (Cs,) {Fe,B} pair was first
observed by EPR,%%?7 then ENDOR.?® It is a strong recom-
bination center with a donor level near E,+0.11 eV (Refs. 14
and 29-34) and a deep acceptor level near
E.—0.29 eV.?030.34 These values have recently been con-
firmed by temperature-dependent and injection-dependent
lifetime spectroscopy data.*> A second acceptor level at E,
+0.074 eV (Refs. 32 and 33) is tentatively associated with a
metastable orthorhombic (C»,) configuration of the pair. Un-
der minority carrier injection, the amplitude of the E.
—0.29 eV signal diminishes as a new level at E.—-0.43 eV
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appears, suggesting that this is the acceptor level of the
{Fe,B} pair in the orthorhombic configuration.’* The binding
energy E,, defined from Fe]+B~—{Fe,B}°+E,, is in the
range 0.58 eV (Refs. 36-38) to 0.65 eV.2%3 Photolumines-
cence (PL) studies® show the existence of optically-active
defects which incorporate B and Fe but are distinct from the
{Fe,B} pair discussed here.

The neutral charge state of the {Fe,Al} pair has been de-
tected by EPR in a trigonal (stable) and an orthorhombic
(metastable) configuration,*"*> with spin 3.“>43 The positive
and negative charge states of the trigonal configuration have
also been detected.*** In the dark, the thermally induced
activation energies for reorientation*® are 0.5 eV for (100)
—(111) and 0.6 eV for (111)—(100). One would expect
such numbers were Fe to simply hop from the second-nearest
to the nearest 7 site to the acceptor and vice versa. Under
illumination, these activation energies drop to ~0.1 eV.¥
Following in-diffusion, cooling the sample under illumina-
tion produces both DLTS signals, while cooling in the dark
enhances the trigonal signal.*® The binding energy in the
trigonal configuration is in the range 0.52 (Ref. 46) to
0.70 eV (Ref. 38) and the donor levels* are at E,+0.20 eV
(Cs,) and E,+0.13 eV (C,,).

The neutral charge state of the {Fe,Ga} pair has been de-
tected by EPR (Refs. 26, 42, 48, and 49) in both the trigonal
(stable) and orthorhombic (metastable) configurations with
spin % The donor levels are at E£,+0.24 eV (Cs,) (Refs. 14,
38, and 50) and E,+0.14 eV (C,,).’' The binding energy in
the trigonal configuration is E,=0.47 eV.3

The EPR signal of the neutral {Fe,In} pair was detected in
the stable C,, (Refs. 26, 52, and 53) and the metastable Cj,
(Refs. 54 and 55) configurations. The latter was achieved
following illumination of the sample with 0.5 eV photons.
The positive charge state of the pair has also been
observed.>>® DLTS studies’’ show donor levels at E,
+0.15 eV in the orthorhombic and E,+0.27 eV in the trigo-
nal configurations. Fourier transform infrared absorption
(FTIR) experiments>’—° of the excitation spectrum of {Fe,In}
find the acceptor levels at E.—0.39 eV (C,,) and E.
-0.32 eV (C3,).

Finally, the existence of a metastable complex involving
Fe and TI has been inferred from PL bands.®® The trigonal
symmetry proposed by Sauer and Weber®! was later
confirmed.®?%3 The intensities of the PL bands increases with
the Fe; concentration. However, the identification of these PL
bands with {Fe,T1} pairs has yet to be confirmed.' %

Thus, each Fe-acceptor pair has two configurations with
three possible charge states as well as a donor and an accep-
tor level in each of them. The Fe pair with B, Al, and Ga is
stable in the Cs, configuration, with Fe at the nearest T site
to the acceptor. In the case of Al and Ga, the C,, configura-
tion with Fe at the second-nearest T site is energetically very
close. As for {Fe,In}, the C,, configuration has the lowest
energy.

Chantre et al.**>! have used the ratios of the DLTS inten-
sities for various biases during cool down to estimate the
relative populations of the trigonal and orthorhombic con-
figurations, and then fit them to a Boltzmann term. The en-
ergy differences AE they obtained in the 0 and + charge
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states are AFE(0)=0.14,0.13,-0.01 eV and AE(+)
=0.07,0.03,-0.13 eV for Al, Ga, and In, respectively. A
positive value favors the trigonal configuration. These small
energy differences have been compared to various potential
energy predictions (see Ref. 1). However, the measured AE’s
are not true 7=0 K potential energy differences, but rather
the differences between free energy minima at the tempera-
ture T,,;, below which Fe; is not longer able to overcome the
energy barrier (~0.5-0.6 eV) between the two sites in the
time scale commensurate with the cooling down rate.

There is no direct evidence for the existence of Fe-donor
pairs. A decrease in the Fe? signal with increasing P} con-
centration has been interpreted as evidence of Fe-P pairing®
with a binding energy of 0.9 eV. However, no change in the
EPR spectrum of phosphorus has been observed even after
the Fe! signal disappears following long 200°C anneals.%
Four weak satellites in the EPR spectrum of Fe? at high P or
As concentrations exist, but they are weaker than would be
expected for close pairs. The formation of Fe; P! pairs has
been proposed®’ but there is no experimental or theoretical
evidence of even a single acceptor level of Fe; in the gap. An
EPR-active {Fe,P} pair has been detected in irradiated n-type
Si, but this complex most probably involves one or more
vacancies.%

Sadoh et al.® performed thermally stimulated capacitance
and DLTS measurements in n-type Si samples contaminated
with Fe and subsequently etched with H-containing chemi-
cals. The presence of a C-H complex confirmed that H pen-
etrated into the sample. In addition to the Fe; donor level
observed at E,+0.41 eV, the authors tentatively assigned a
new donor level at E,+0.31 eV to a {Fe;H} pair. This signal
disappears after annealing at 175°C for 30 min.

The early theoretical work on interstitial 3d TM impuri-
ties in Si has focused on explaining trends in the electronic
structure and gap levels using methods that do not allow for
defect geometries to be optimized. Since Fe; is known to
have tetrahedral symmetry, it was assumed that the impurity
resides at an undisturbed 7 site. Our geometry optimizations
(see below) show that this assumption is valid. The scattering
Xa method in H-terminated clusters,’® later enhanced with
semi-empirical Hartree-Fock calculations,’! have been suc-
cessful at predicting many qualitative features of these im-
purities. They predicted the donor level of Fe; to be at E,
+0.68 eV.

Zunger and co-workers used a self-consistent local
density functional (LDF) Green’s function scheme to study
trends and predicted the spin-polarized electronic structure of
Fe;.”* They found its donor level to be at E,+0.53 eV (Ref.
72) or E,+0.32 eV.”*7> Beeler et al.”’ performed calcula-
tions within the spin-unrestricted LDF linear muffin-tin-
orbital Green’s function method. They predict a spin % for
Fe/ and a spin 1 for Fe?, in agreement with experiment. They
also predict the donor level of Fe; to be at E,+0.25 eV, close
to the DLTS value.

Weihrich and Overhof?’ have calculated in detail the elec-
tronic structure and hyperfine parameters of Fe; in the + and
0 charge states, using a Dyson’s equation approach to solve
the Kohn-Sham equation within local spin-density-functional
theory and calculated the Green’s function within a linear
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muffin-tin approach using the atomic-spheres approximation.
These calculations do not allow geometry optimizations to
be performed. The authors predict the donor level of Fe; to
be at £,+0.29 eV.

The interactions between Fe and shallow dopants have
been discussed by several authors. Assali and Leite’® use the
scattering Xa method in small hydrogen-saturated clusters to
calculate the electronic structure of the Cs, {Fe,B} pair, with-
out spin polarization. They predict a strongly covalent Fe-B
interaction. Sugimoto and Seki’® used H-terminated clusters
within unrestricted ab initio Hartree-Fock theory, with a
combination of minimal and double-zeta basis sets. The ac-
ceptor atoms (B, Al, Ga, and In) were assumed to be at
unrelaxed substitutional sites. The authors find the C;, con-
figuration to be more stable for B, Al, and Ga, but the C,,
one is more stable in the case of In. The population analysis
of the {Fe,B} pair shows that Fe; overlaps only very weakly
with B, which argues against the mostly covalent character
predicted in Ref. 78.

Overhof and Weihrich® used their Green’s function
approach? (without lattice relaxations) to study the trigonal
and orthorhombic configurations of the Fe-acceptor pairs.
Their calculations predict a mostly ionic bonding between Fe
and the acceptors. Their calculated binding energies are
0.78 eV for {Fe,B} and 0.28 eV for {Fe,Al}. They also calcu-
late the relative energies between the two configurations, but
the predictions are affected by the absence of geometry op-
timization. The calculated donor and acceptor levels for the
Fe-acceptor pairs are in reasonable agreement with experi-
ment. The authors also predict a pairing between Fe;~ and
Pl

Zhao et al.® used an ionic model with elastic and electro-
static interactions to show that the driving force for the
Fe/-A; pairing is electrostatic. They also calculated trends in
the position of the donor level and the relative energies of the
C3, and C,, configurations.

The present work differs from the previous theoretical
approaches in several ways. First, the host crystal is repre-
sented by 64 to 216 atoms periodic supercells. These are not
as ideal a representation of the isolated impurity in an other-
wise perfect crystal as that provided by Green’s functions,
but they allow the use of conjugate gradient geometry opti-
mizations. Second, we use a first-principles spin-density-
functional approach within the generalized gradient approxi-
mation (GGA), with both plane-wave and pseudoatomic
basis sets for the single particle states.

Such a “first-principles” theoretical approach has been
successfully used to study a wide range of defects, impuri-
ties, pairs, and small complexes in Si and numerous other
host crystals.3! In this paper, we focus on the properties of
Fe;, including its interactions with interstitial H, and Fe pairs
with shallow substitutional dopants B, Al, Ga, In, T, P, and
As. The possibility of interactions between the {Fe,B} pair
and interstitial H is also investigated. The geometries, elec-
tronic structures, and spin states are calculated for all the
possible charge states of the defects. The binding energies of
the complexes are predicted. The existence and approximate
location of donor and acceptor levels are obtained using the
marker method.®? The vibrational spectra of the complexes
containing light impurities are calculated as well.
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Note that detailed first-principles calculations of the hy-
perfine parameters of Fe; in the + and O charge states and
iron-acceptor pairs have been successfully performed.>>” In
situations were the impurity can be assume to reside at un-
distorted high-symmetry sites—as is the case here (see
below)—these calculations are better suited than our pseudo-
potential method to reproduce the EPR and ENDOR data.
We do not focus on this aspect of the problem.

Section II discusses the methodology. Section III contains
the results for Fe; and its interactions with H. Section IV
deals with Fe pairs with shallow acceptors (B, Al, Ge, In, TI)
and donors (P, As). We also consider the possibility that the
{Fe,B} pair interacts with interstitial H. A summary and a
discussion are in Sec. V. The interactions of Fe with native
defects and other common impurities will be the subject of a
later paper.

II. METHODOLOGY

The present calculations are carried out using two first-
principles spin-density-functional packages, VASP (Refs.
83-86) and SIESTA (Refs. 87 and 88), within GGA to the
exchange-correlation potential (see Ref. 89 for vasp and”
for SIESTA). The reason for repeating a number of calcula-
tions with a plane-wave and a local basis set code is to make
sure that the predictions are independent of the choice of
basis set and pseudopotential. Although convergence is
sometimes more difficult to achieve with SIESTA than VASP,
the structures, energy differences between configurations or
spin states, vibrational spectra, and even thermodynamic gap
levels calculated with both codes are in close agreement with
each other and, when available, with experiment. Any sub-
stantial discrepancy is noted in the text. The binding energies
listed in the text have been obtained with VASP, the vibra-
tional spectra with SIESTA, and gap levels are calculated us-
ing projector augmented-wave (PAW) potentials®! as imple-
mented in VASP. We denote the spin and charge state of a
defect X as SPinycharee,

In most of our calculations, the host crystal is represented
by a 64 host atoms periodic supercell. We also use the 128
and 216 host atoms cells in situations where size effects are
expected to be significant, that is when calculating the bind-
ing energies of Fe-acceptor pairs. The lattice constant of all
the cells is optimized. A 2 X 2 X 2 Monkhorst-Pack??> mesh is
used to sample the Brillouin zone for all the calculations
except dynamical matrices and gap levels (see below). The
defect geometries are optimized with a conjugate gradient
algorithm.

The VASP calculations use plane-wave basis set and ultra-
soft Vanderbilt type pseudopotentials.”> In the VASP ap-
proach, the solution of the self-consistent Kohn-Sham equa-
tions are obtained using an efficient matrix-diagonalization
routine based on sequential band-by-band residual minimiza-
tion method and Pulay-like charge density mixing.** A plane-
wave basis cutoff of 321 eV is used for the ultra-soft pseudo-
potential calculations. With PAW potentials, the cutoff is
398 eV.

The SIESTA calculations use norm-conserving pseudopo-
tentials in the Troullier-Martins form® to remove the core
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regions from the calculations. The basis sets for the valence
states are linear combinations of numerical atomic
orbitals.8”-9%%7 In the present calculations, we use double-zeta
basis sets (two sets of valence s and p’s) for the first and
second-row elements (H and B), and double-zeta polarized
basis sets (two sets of valence s and p’s plus one set of d’s)
for elements on the third row and below. The charge density
is projected on a real-space grid with an equivalent cutoff of
250 Ryd to calculate the exchange-correlation and Hartree
potentials. This large cutoff is needed to describe the local-
ized d states of iron.

The ultrasoft and PAW pseudopotentials are part of the
VASP package. The SIESTA Fe pseudopotential has been opti-
mized by Izquierdo et al.”®*° It includes nonlinear core cor-
rections. We use the same orbital populations in VASP as in
SIESTA. The SIESTA pseudopotential for other elements have
been optimized using the experimental bulk properties of the
perfect solids and/or first-principles calculations'® as well as
vibrational properties of appropriate free molecules or de-
fects when experimental data are available. This testing leads
to a fine-tuning of the pseudopotential 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. For the heavy elements (Ga, In, TI), the semicore d
electrons are always included in the valence states.

The dynamical matrices are calculated using the force-
constant method with k-point sampling restricted to the T’
point. Their eigenvalues are the normal-mode frequencies w;.
The orthonormal eigenvectors e}, (i=x,y,z) give the relative
displacements of the nuclei a for each mode s. A quantitative
measure of how localized a specific mode is on one atom or
a group of atoms is provided by a plot of L{za}z(efm)2
+(e;,)*+(e;,)” vs s or w,. Here, {a} may be a single atom
(e.g., Fe) or a sum over a group of atoms [e.g., the Si nearest
neighbors (NNs) to Fe]. Such a localization plot allows the
identification of all the local and pseudolocal'®! vibrational
modes in the cell (LVMs and pLVMs, respectively) as well
as the resonant modes associated with a specific defect. The
knowledge of all the normal modes also allows the construc-
tion of the phonon density of states g(w). We obtain this
function by evaluating the dynamical matrix at 100 k points
in the Brillouin zone of the supercell. Once g(w) is known,
the Helmholtz vibrational free energy F\;, is straightforward
to calculate.'??

The gap levels are estimated using the marker method.®?
The calculated ionization energies and electron affinities are
scaled to a known marker which we take to be the perfect
crystal. The same scaling is used to determine the donor and
acceptor levels of the defect. We choose the perfect crystal as
a reference point because there is no single marker that could
be considered ideal for all the defects studied in the paper.
Further, the geometry optimizations show that no substantial
distortion is involved. Our best estimates for the gap levels
are obtained with PAW (Ref. 91) potentials®® with a 3 X3
X 3 k-point sampling. The 3 X 3 X 3 SIESTA values are given
in some cases for comparison. The PAW potentials are more
accurate than the ultrasoft ones because the radial cutoffs
(core radii) are smaller and the PAW potentials reconstruct
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the exact valence wave function with all nodes in the core
region. The PAW method gives energy differences very close
to the ones obtained with the best full-potential linearized
augmented-plane-wave method.

III. RESULTS
A. Fe; and {Fe;H}

As expected, we find that Fe; resides at an undistorted T
site in both the + and O charge states, with spin % and 1,
respectively. No Jahn-Teller distortion is apparent in our cal-
culations, which is not surprising at this level of theory. The
spin 0 and 2 states of Fe? are 0.74 and 0.69 eV higher than
the spin 1 state, respectively. The spin % state of Fe/ is
0.30 eV above the spin % state. We find a donor level in the
gap at E,+0.28 eV (SIESTA: 0.37 eV), but no acceptor level.

A population analysis of 3/ZFezr shows that the impurity
does weakly overlap with its Si neighbors. The overlap popu-
lations with each of the four NNs and the six second-NNs are
0.17 and 0.12, respectively. These numbers are small but
positive. The spin population in the valence orbitals is 0.016
in the 4s, 0.024 in the 4p, and 1.140 in the 3d states. Thus,
78% of the total spin is localized on **Fe], and the rest is on
the neighboring Si atoms. In the case of 1Fe?, the overlap
populations are almost the same (0.17 and 0.13, respectively)
but the spin populations are 0.013, 0.016, and 0.964, respec-
tively. Thus, over 96% of the spin resides on 1Fe?.

The activation energies for diffusion of ¥*Fe] and 'Fe!
along T-hexagonal-T sites are 0.69 and 0.76 eV, respectively.
We obtained these values by placing Fe at the hexagonal
interstitial site with both an unrelaxed crystal and a fully
relaxed one. The former provides an upper bound for the
activation energy (0.92 and 0.91 eV in the + and O charge
states, respectively) and the latter a lower bound (0.47 and
0.60 eV in the + and O charge states, respectively). Our ac-
tivation energies, obtained by averaging these two values, are
close to the charge-dependent values measured by several
authors.%?

In p-type material, no reaction involving Fe; and bond-
centered hydrogen Hj. is expected because of the long-
range Coulomb repulsion. However, for moderate doping
levels, the following reactions lead to pair formation:

'Fe? + H} — "*{Fe, H}’ +0.82 eV
and
"Fe? + *Hi e — {Fe, HY* +0.40 eV.

The ¥*{Fe,H}° state is 0.26 eV (SIESTA) to 0.30 eV (VASP)
higher than the "*{Fe;H}" state. A second interstitial H will
not bind to Fe;. Indeed, the trigonal {Fe;H,}° complex (H-
Fe-H, with Fe at the hexagonal interstitial site) is less stable
by 0.45eV than isolated Fe; and an interstitial H,
molecule.'®

The interstitial {Fe;H} pair (Fig. 1) has trigonal symmetry.
Fe is at the hexagonal interstitial site with Fe-H=1.51 A.
Figure 2 shows all the vibrational modes localized on Fe and
H. The stretch mode frequency (1921 cm™' with SIESTA,
1953 cm™! with VASP) is higher than the 1767 cm™' observed
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FIG. 1. (Color online) Fraction of the supercell showing the
trigonal 2{Fe;H}° pair. Fe (brown or dark grey sphere) is at the
hexagonal interstitial site and H (small white sphere) is on the trigo-
nal axis.

in free FeH molecules,'* indicating that the interstitial pair
is compressed by the host crystal.

The {Fe;H} pair has a deep donor and a deep acceptor
level at E,+0.36 eV (SIESTA: 0.42 eV) and E,—0.26 eV
(SIESTA: 0.30 eV), respectively. Thus, hydrogen has no pas-
sivating effect on Fe;. In the contrary, the formation of the
{Fe,H} pair results in the appearance of a new and deep ac-
ceptor level. A donor level at E,+0.31 eV, believed to be
associated with the interstitial {Fe;H} pair, has been reported
by thermally stimulated capacitance.® This level anneals out
in 30 min at 175 °C, suggesting a relatively weakly bound
complex. This donor level and annealing behavior are con-
sistent with the calculated donor level and binding energy.
Note that two additional deep donor levels at E,+0.23 eV
and E,+0.38 eV have been reported'® following H implan-
tation into Si samples contaminated with Fe. It is not known
if these levels are related to isolated Fe; or if native defects
are involved.
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FIG. 2. (Color online) Vibrational spectrum of the interstitial
{Fe;H}° pair in Si. The short arrow shows the calculated I" phonon.
The plots show Lfa}z(e;x)2+(e;y)2+(efu)z, where «a is Fe (solid
brown or grey lines) or H (dashed black lines). The Fe-H stretch
mode is at 1921 cm™' and the (degenerate) wag modes are at
594 cm™.

PHYSICAL REVIEW B 76, 125204 (2007)

0.2 T
Fe.TIM Feln "
0.1
FeAl
| |
*
Il e L
e
w
< -041
-0.2
FeB
-0.3 LJ ®
-1 0 1

Charge state

FIG. 3. (Color online) Calculated potential energy difference
between the trigonal and orthorhombic configurations of the {Fe,A}
pairs, where A stands for B (black circle), Al (red square), Ga
(green diamond), In (blue triangle left), and Tl (purple triangle
right) in the three possible charge states of the pairs. AE is negative
if the trigonal configuration is more stable.

B. Iron pairs with shallow dopants
1. Fe-acceptor pairs

We calculated the geometrical configurations, spin states,
electronic structures, and binding energies resulting from the
interactions of 2Fe;' with the ionized shallow acceptors OAS',
with A=B, Al, Ga, In, and T1. "*{Fe, A}’ is higher in energy
than *¥*{Fe,A}° by several tenths of an eV. In the case of B
for example, the energy difference is 0.42 eV with VASP and
0.41 eV with SIESTA.

We find two competing geometries for each {Fe,A} pair: a
trigonal configuration with Fe at (very near) one of the four
T sites nearest to the acceptor, and an orthorhombic configu-
ration with Fe at one of the twelve second-nearest T sites.
Figure 3 shows the energy difference between the trigonal
and the orthorhombic configurations in the three possible
charge states, calculated a T7=0 K. In this figure, AFE is nega-
tive if the trigonal configuration is stable and the orthorhom-
bic one metastable.

The free energy differences'”~ between the trigonal and
the orthorhombic configurations are plotted vs temperature in
Fig. 4. In the present case, this involves only vibrational free
energies since the difference in configurational entropy aris-
ing from the difference in the number of first- and second-
nearest T sites can safely be ignored.'%> At room temperature,
the predicted stable configurations match the experimentally-
observed one in all cases.

Figure 5 shows the vibrational spectra of the ¥*{Fe,B}°
pair in the Cj, and C,, configurations. The isolated B ac-
ceptor has a threefold degenerate mode at 641 cm™
(measured'% at 620 cm™"). In the {Fe,B} pair, the B-related
line splits into a doublet and a singlet in Cj, symmetry, and
three singlets in C,, symmetry.

Previous calculations involving {Fe,A} pairs have as-
sumed that the shallow acceptor resides at an unrelaxed sub-
stitutional site and Fe at an undistorted nearest or second-
nearest T site. Our geometry optimizations show that these
assumptions are valid for Al, Ga, and In. All the ionized
acceptors have tetrahedral symmetry and their four Si NNs
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FIG. 4. (Color online) Calculated free energy differences be-
tween the trigonal and orthorhombic configurations of the
32Fe, A} pairs with A=B, Al, Ga, In, and Tl. AE is negative if the
trigonal configuration is more stable.

are uniformly displaced inward (negative displacement) or
outward (positive displacement) as follows: —0.27 A for B,
+0.05 A for Al7, +0.03 A for Ga;, +0.03 A for In], and
+0.16 A for TI. In the trigonal configuration, the Fe-
acceptor separation is 2.35 A for B (that is, Fe is exactly at
the T site), 2.44 A for Al, 2.44 A for Ga, 2.44 A for In, and
2.62 A for T

The binding energies of the neutral {Fe,A} pairs were
obtained by comparing the energies of each pair in its
lowest-energy configuration to its dissociation products in
different supercells: 3/2Fe:f+0A;—>3/2{Fe,A}0+Eb. This en-
ergy balance has to be considered carefully since we are
comparing the total energies of two supercells containing a
charged defect (left-hand side) to the total energy of a neutral
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FIG. 5. (Color online) Vibrational spectra of the **{Fe,B}" pair
in the trigonal and orthorhombic configurations. The plots show
L?a}z(ezx)2+(e2y)2+(eflz)z, where « is Fe (solid brown lines) or B
(dashed green lines)
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FIG. 6. Calculated binding energies of the neutral {Fe,B} (open
circles) and {Fe,Ga} (open squares) pairs vs inverse supercell size.
The solid circle and square are the measured binding energies.

pair. Hence, one needs to include Madelung energy correc-
tions twice, but only on one side of the equation. Since the
size of the correction diminishes as the size of the cell
increases,'”” we repeated these calculations in cells contain-
ing 64 to 216 host atoms. Figure 6 shows the calculated
binding energies of the {Fe,B} and {Fe,Ga} pairs vs inverse
cell size (the binding energies of the other pairs look similar
but crowd the figure).

The plots of binding energies vs. inverse cell size lead to
the following calculated values for E, extrapolated to infinite
cell size: 0.65 eV for {Fe,B}, 0.52 eV for {Fe,Al}, 0.42 eV
for {Fe,Ga}, 0.44 eV for {Fe,In}, and 0.55 eV for {Fe,T1}. The
experimental numbers (Table I in Ref. 1) are 0.45-0.65 eV
for {Fe,B}, 0.52-0.70 eV for {Fe,Al}, and 0.47 eV for
{Fe,Ga}. The experimental binding energies of {Fe,In} and
{Fe,T1} are not reported.

The origin of the binding energy is mostly Coulombic.
The electrostatic energy gained by placing a +1 charge at
2.3-2.6 A of a —1 charge in Si is of the order of 0.5 eV.
However, as in the case of Cu-acceptor pairs,'? the TM im-
purity does overlap weakly with the acceptor. Small differ-
ences in the Fe-A and Fe-Siyy overlap populations and small
variations in the amount of lattice relaxation differentiate be-
tween the various acceptors.

The calculated donor and acceptor levels for the {Fe,A}
pairs in the two configurations are compared to the measured
values in Table 1.

Since interstitial hydrogen passivates'”” shallow acceptors
such as B, we considered the possibility that the {Fe,B} pair
may interact with H. Various a priori possible configurations
for such a complex have been investigated. They include H
bridging a B-Si bond or an adjacent Si-Si bond, H bound to
Fe along or off the trigonal axis, or H at the Si antibonding
site of a B-Si bonds.

The lowest-energy structure of the 32 Fe,B,H} complex
has H bound to Fe in a trigonal Si-B---Fe-H configuration.
However, this complex is less stable than the dissociated
species **{Fe,B}® and °Hj by 0.07 eV. The minimum of
the potential energy corresponds to Fe; far away from the
passivated {B,H} pair:
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32{Fe,B}" + "Hj,. — Y?Fef + %{B,H}" + 0.25 eV.
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TABLE 1. Calculated (PAW) gap levels for the trigonal and
orthorhombic configurations of {Fe,A} pairs with A=B, Al, Ga, In,
and TI. The donor (0/+) levels are given relative to the valence
band: E,+x (eV); the acceptor (—/0) levels are given relative to the
conduction band: E.—x (eV). When available, the experimental
numbers are cited in parenthesis. All the references are in Sec. L.

trigonal orthorhombic
A E,+x E —x E,+x E.—x
B 0.11 (0.11) 0.29 (0.29)  0.11 (0.07)  0.45 (0.43)

Al 0.11 (0.20) 0.34
Ga 0.10 (0.24) 035 0.05 (0.14)  0.30
In 0.28 (0.27) 038 (0.32)  0.25(0.15)  0.24 (0.39)
Tl 0.31 0.20 0.28 0.06

0.06 (0.13)  0.21

This suggest that H interacting with the {Fe,B} pair dis-
places Fe; leaving the passivated {B,H} pair. This result has
been inferred from DLTS measurements of hydrogenated
samples.!!” The disappearance of the {Fe,B} DLTS peak fol-
lowing H implantation has also been reported by Kouketsu et
al.'% In this paper, the authors have interpreted the result in
terms of H passivation of the pair. This interpretation is not
supported by the calculated energetics.

2. Fe-donor interactions

In n-type Si, interstitial iron is the neutral lFe? species
which experiences no Coulombic attraction to an ionized P*
or As* shallow donor. The binding energy can only arise
from changes in lattice relaxation and distortion, or covalent
bonding between the two impurities. Since neither isolated
Fe nor the isolated shallow acceptor are characterized by
substantial atomic rearrangement in their immediate vicinity,
one would not anticipate much elastic energy to be gained by
pairing.

By analogy to the Fe-acceptor pairs, we have examined
the trigonal and orthorhombic configurations for {Fe,D}*
pairs (D=P or As), but find that no pair forms. Indeed, the
reactions 'Fe!+°D! — '{Fe,D}*+E, give slightly negative
binding energies in the 64 host atoms cells. Since compa-
rable Madelung energy corrections occur on both sides of
this equation, the binding energies should not vary much
with cell size. Further, in this case, the free energy contribu-
tions will be dominated by a large configuration entropy term
since there are orders of magnitude more T sites with Fe far
away from the donor than adjacent to it.'%? This contribution
to the free energy favors the dissociated species.

IV. SUMMARY AND DISCUSSION

First-principles theory is used to calculate the configura-
tions, charge and spin states, electronic structures, binding
and activation energies, and approximate acceptor and donor
levels of isolated Fe;, the {Fe;H} pair, all the {Fe,A} pairs
(A=B, Al, Ga, In, or TIl), and of Fe; with D, (D=P or As).
The interactions between the {Fe,B} pair and H are also con-
sidered.
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The host crystal is represented by periodic supercells con-
taining 64 to 216 host atoms. The Kohn-Sham equations are
solved within GGA with either plane-wave or pseudoatomic
basis sets for the valence states. The geometries of the vari-
ous defects in all the a priori possible spin and charge states
are optimized using conjugate gradients with a 2X2X2
k-point sampling. The location of the donor and acceptor
levels are obtained with PAW potentials and a 3 X 3 X 3 sam-
pling using the marker method. The marker is the perfect
crystal. The dynamical matrices are obtained using the force-
constant approach at the I' point. The vibrational spectra of
the complexes involving light impurities are predicted. The
free energy differences between the trigonal and orthorhom-
bic configurations of the {Fe,A} pairs are calculated as a
function of temperature.

The calculations predict that interstitial iron resides at the
T site as **Fe} or 'Fe!, with a donor level at E,+0.28 eV.
There is no acceptor level. The spin density is localized on
the TM impurity, with nearly 96% of the spin in the 3d
orbitals of 'Fe’, but only 78% in the case of **Fe;. The Fe
atom overlaps weakly but covalently (positive overlap popu-
lation) with its four nearest and six second-nearest Si neigh-
bors. The activation energy for diffusion along the trigonal
axis is 0.76 and 0.69 eV in the 0 and + charge state, respec-
tively.

Fe; traps interstitial H in the + and O charge states and
forms a trigonal pair, with Fe at the hexagonal interstitial
site. The binding energy relative to bond-centered hydrogen
is 0.84 eV in the + charge state and 0.40 eV in the O charge
state. The {Fe;H} pair has a deep donor (E,+0.36 V) and a
deep acceptor (E.—0.26 eV) level in the gap. Thus, H does
not passivate Fe; but forms a pair which is even more elec-
trically active.

The stable configuration of the {Fe,B} pair is trigonal, that
of the {Fe,In} and {Fe,TI} pairs is orthorhombic, and the two
configurations are nearly degenerate in the case of the
{Fe,Al} and {Fe,Ga} pairs. In each configuration, the pairs
have a donor and a deep acceptor level. The calculated bind-
ing energies are close to the measured values. The binding of
the pairs is mostly electrostatic in nature. If H is allowed to
interact with the {Fe,B} pair, the lowest-energy configuration
has a passivated {B,H} pair and isolated Fe;, We find no
pairing between Fe; and the shallow donors P and As.

One of the key points of the present study is that first-
principles theory in supercells, including conjugate gradient
geometry optimizations, can be used to study the interactions
of Fe in Si. The calculated properties of Fe; and Fe-acceptor
pairs are consistent with experiment: spin states, structures,
energetics. The gap levels obtained with PAW potentials and
the perfect crystal as a marker are close to the DLTS values.
The calculated vibrational spectra of the {FeH} and {Fe,B}
pairs predict several IR-or Raman-active LVMs.

Our best predictions for the donor and acceptor levels are
obtained with PAW potentials and a 3 X3 X3 k-point sam-
pling in a 64 host-atoms supercell. The gap levels predicted
with SIESTA are generally quite close to the PAW ones. The
use of a uniform marker, the perfect cell, removes the “semi-
empirical” aspect of the method, when different marker de-
fects are used to scale the gap levels for different structures.
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