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Transition-metal (TM) impurities from the 3d series have been a source of concern in Si technology for
nearly 60 years. Surprisingly, numerous issues remain unresolved. In this first-principles theoretical study, we
examine the properties of Ti and Ni at a similar level as that used in a recent study of Fe, except that larger
supercells are used and that potential-energy surfaces are obtained using the nudged elastic band method (some
Fe results have been updated). The equilibrium sites, spin and charge state(s), activation energies for diffusion,
and gap levels of the isolated interstitial TMs (TM,’s) are calculated and match the measured ones when data
are available. The interaction of a TM; with a pre-existing vacancy (V) shows that the reaction TM;+V
—TM; (substitutional TM) occurs with a large energy gain, yet smaller than the formation energy of the
vacancy. The electrical properties of interstitial and substitutional TM impurities are opposite to each other. In
particular, vacancies passivate or partially passivate Ti; and Fe; and thus may play unrecognized but beneficial
roles in some processes commonly used by industry. A population analysis of the TM;’s shows that the 3d shell
is not full, even in the case of Ni. The interaction of a TM with the A center ({O, V} pair) results in two nearly
energetically degenerate configurations, the {TM;,0, V} and the {TM,,O,} complexes.
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I. INTRODUCTION

Impurities from the 3d transition-metal (TM) series in Si
have been studied for over five decades'-? because they are
unavoidable contaminants which reduce minority-carrier
lifetimes, compromise the integrity of gate oxides, and nega-
tively affect the performance of electronic devices. The re-
sults of the experimental and theoretical research devoted to
these impurities has been reviewed several times over the
years.’® Today, TM impurities remain an issue in Si tech-
nology, especially for photovoltaic applications.” !

The first atomic-level details about the properties of iso-
lated 3d TM impurities in Si were obtained by electron para-
magnetic resonance (EPR).!'~!3 The TM impurities are char-
acterized by high spins in a tetrahedral environment.
Electrical measurements (see Ref. 3 for a discussion) have
associated numerous gap levels to specific TM impurities.
However, it was at first unclear if the electrically active lev-
els and the EPR spectra originated from an isolated intersti-
tial (TM;) or substitutional (TM,) impurity, or even some
larger complex. Over the decades, a considerable number of
experimental studies using magnetic, electrical, and optical
techniques have uncovered various fundamental properties
of isolated TMs and of some their complexes.

Early theoretical work ranged from empirical studies in
clusters'*!> to density-functional (DF) based Green’s
functions'®'® methods. The impurity was assumed to be at
an undistorted interstitial or substitutional site with T, sym-
metry and the calculated trends were compared to the EPR or
electrical measurements. Spin DF theory'® has also been
used to predict the lowest-energy spin state and gap levels of
TM, impurities. An elastic-energy approach?® based on a
hard-sphere model was used to predict the migration en-
thalpy of TM;’s. Finally, an approximate ab initio Hartree-
Fock method?! in small hydrogen-saturated clusters was used
to predict the spin state, activation energy for diffusion, and
binding energy to H of Ti; and Cu,.

Despite well over one thousand research papers, only a
few properties of 3d TM impurities are well known. Several
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reviews>~¢ discuss the details and list all the references. We
only mention here the key features of 3d TM impurities.
References to specific data will be given in the text when
discussing our predictions in the context of earlier experi-
mental or theoretical studies.

(1) Tsolated 3d TM impurities in Si are stable at the tet-
rahedral interstitial (T) site, with the highest spin compatible
with the charge state of the impurity. (2) The activation en-
ergy for diffusion is largest for the lightest and smallest for
the heaviest element of the series. It ranges from 1.79 eV for
Ti; (Ref. 22) to 0.69 eV for Fe; (Ref. 5) to 0.18 eV for Cu,.”
The latter is the fastest-diffusing impurity in Si.

(3) The high-temperature solubility is smallest for the
lightest and largest for the heaviest element of the series.®
The TM impurities, introduced at high temperatures, are al-
ways far above their solubility limit at room temperature. As
a result, the fast-diffusing 3d TMs tend to find traps (such as
the {Fe,B,} pair® or the Cu, defect?®), form clusters, precipi-
tate at surfaces, at grain boundaries or other defects, form
silicides, etc. The slowest diffusers Ti and V remain isolated.

(4) The electrical activity of isolated 3d TM;,’s decreases
from the lightest to the heaviest element. Ti; has double do-
nor, donor, and acceptor levels?° in the gap, Fe; has only
one deep donor level,” and isolated Ni; has no known gap
level.

(5) The 3d TM;s strongly interact with radiation
damage.”’-33 Several new deep-level transient spectroscopy
(DLTS) lines have been reported following irradiation, but
the structure of the associated defects is unknown or tenta-
tive. In Czochralski-grown Si, irradiation commonly pro-
duces {O,V} pairs (A centers) whose annealing behavior is
strongly affected by the presence of TM impurities in the
sample.

(6) The 3d TMs also interact with hydrogen.*—3® Many
(but not all) of the resulting complexes are electrically ac-
tive. The structures of the {TM,H,} complexes have not been
identified experimentally, but theoretical studies are under
way.
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In this paper, we present the results of systematic first-
principles calculations of Ti;, Fe;, and Ni,, their interactions
with the vacancy and the A center, and the properties of Ti,
Fe,, and Ni,. Most of the new results are for Ti and Ni, but
we also include comparisons to our recent calculations for Fe
(Refs. 39 and 40) (the key results have been updated to the
present level of theory). A few comparisons to Cu (Refs.
41-43) are also given. In addition to the equilibrium struc-
tures, we calculate the activation energies for diffusion, bind-
ing energies, and approximate donor and acceptor levels.

The key results can be summarized as follows. First, we
use the nudged-elastic band (NEB) method to predict the
minimum-energy path and activation energies for interstitial
TM diffusion, the trapping of interstitial TM’s by vacancies,
and the transition between two TM-OV pair configurations.
Second, we predict that the activation energy for diffusion of
Ni is less than half the most commonly used experimental
value. Third, we predict that vacancies, which are often gen-
erated during the processing of solar cells, play an unrecog-
nized role in improving minority carrier lifetimes by passi-
vating some of the most feared TM,’s. Vacancy passivation
has not been reported to date. However, we confirm that Nji;
is electrically activated by vacancies as it becomes Nij.
Fourth, we discuss the details of TM interactions with the A
center.

Section II describes the level of theory. Sections III-VI
deal with the properties of isolated TM,’s, TM;-vacancy in-
teractions, the properties of isolated TM,’s, and TM; interac-
tions with the A center, respectively. The key results are dis-
cussed in Sec. VIIL

II. METHODOLOGY

Our first-principles electronic structure and ab initio
molecular-dynamics simulations** are based on the SIESTA
method.*>*® The host crystal is represented by periodic su-
percells containing 216 host atoms. The lattice constant of
the perfect cell is optimized in each charge state. The defect
geometries are obtained with a conjugate gradient algorithm.
A 3X3X3 Monkhorst-Pack*’” mesh is used to sample the
Brillouin zone for the calculation of gap levels, which is
done using the marker method.*** Our implementation of
this method uses the perfect crystal as the universal marker
for all the defects, thus eliminating the dependence of the
predictions on the marker. The potential-energy surfaces are
mapped using the NEB method.>>! The NEB calculations
are done in a 64 host-atoms cell and a 2 X2 X2 mesh.

The electronic core regions are removed from the calcu-
lations using ab initio norm-conserving pseudopotentials
with the Troullier-Martins ~parameterization®” in the
Kleinman-Bylander form.>> The SIESTA pseudopotentials
have been optimized using the experimental bulk properties
of the perfect solids and/or first-principles calculations®* as
well as vibrational properties of free molecules or known
defects, when such experimental data are available. Such
testing leads to some fine tuning of the pseudopotential pa-
rameters relative to the purely atomic ones: small changes in
the core radii and/or use of semicore states. Once optimized,
we take these pseudopotentials to be transferable to the de-
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fect problems at hand. Pruneda et al.>> have studied Fe/Si
systems and shown that the pseudopotential/SIESTA approach
provides results in excellent agreement with the all-electron
tight-binding linear muffin-tin orbital method.

The valence regions are treated with first-principles spin-
density-functional theory within the generalized gradient ap-
proximation for the exchange-correlation potential.’® The ba-
sis sets for the valence states are linear combinations of
numerical atomic orbital:>’ a double-zeta basis set (two sets
of valences s and p’s) for O plus polarizations functions (one
set of d’s) for Si. The basis set for the TMs consists of two
sets of valences s and d’s and one set of p’s (semicore, in the
case of Ni). The charge density is projected on a real-space
grid with an equivalent cutoff of 350 Ry to calculate the
exchange-correlation and Hartree potentials.

We have compared the accuracy of SIESTA (pseudoatomic
basis sets) to the plane-wave VASP approach for Fe-related
defects in Si and found only very small differences.**** The
accuracy of SIESTA is well documented in many defect prob-
lems, such as the calculations of the temperature dependence
of very short and very long vibrational lifetimes.’®

III. ISOLATED TM;’S

The isolated Ti;, Fe;, and Ni, impurities are stable at the T
site with only small breathing-mode relaxations of the Si
nearest neighbors (NNs). For example, in the O charge state,
the distance between the TM; and these four Si atoms is
2.521 A for Ti, 2.422 A for Fe, and 2.438 A for Ni (the
unrelaxed distance is 2.367 A).

Note that in most charge and spin states, Ti; and Fe,; are
orbital doublets or triplets and therefore Jahn-Teller unstable.
However, the EPR data''"!3 do show tetrahedral symmetry
suggesting that the Jahn-Teller distortion is very small or is
dynamic, in which case the symmetry is tetrahedral on the
average. The proper description of static Jahn-Teller systems
should involve vibronic states which are incompatible with
the Born-Oppenheimer approximation implied in all first-
principles studies.

In the neutral charge state, the atomic orbital populations
are 3d%4s? (Ti), 3d%4s* (Fe), and 34%4s> (Ni). At the T site,
these populations are 3d>%4s%7 (Ti,), 3d®°4s%7 (Fe;), and
3d®345%7 (Ni;). In each case, the 4s population decreases as
the 3d population increases. The TM,’s weakly (but co-
valently) overlap with each Si NNs and second NNs. The
overlap populations are small but positive: 0.18 and 0.14 for
Ti;; 0.16 and 0.13 for Fe;; and 0.10 and 0.06 for Ni,. Thus,
the usual assumption that an isolated 3d TM; behaves like
the atomic species is only approximately correct.

Comparisons of the measured (solid lines) and calculated
(dashed lines) donor and acceptor levels are shown in Fig. 1.
The measured and the calculated values are compared in
Table 1.

The stable spin states for each possible charge state match
the measured values''~13°°-6! and the ones calculated by
other authors.'®!° Ti, has spin 1, 3/2, 1, and 3/2 in the ++, +,
0, and — charge states, respectively. The other a priori pos-
sible spin states are more than 0.5 eV higher in energy. Fe;
has spin 3/2 and 1 in the + and O charge states,
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FIG. 1. Measured (solid lines) and calculated (dashed lines) do-
nor and acceptor levels for Ti;, Fe;, and Ni;. We find donor and
acceptor levels of Ni; to be in valence and conduction bands, re-
spectively. The charge state of each impurity for various positions
of the Fermi level are indicated. The references for the measured
values are in Table 1.

respectively;*’ Ni; is always in the 0 charge state with spin 0.
The spin 1 state is about 1 eV higher in energy.

The diffusion path is a straight T-T line with the saddle
point at the hexagonal interstitial site. The calculated (mea-
sured) activation energies for diffusion in electron volt are
1.79, 1.66, 1.75, and 1.66 for Ti!™, Ti], Ti?, and Ti;, respec-
tively (1.79 at high temperatures®?); 0.69 and 0.76 for Fe;
and Fe?, respectively (0.69 and 0.84, respectively’); and 0.21
for Ni?. The most commonly cited experimental value for the
activation for diffusion of Ni; is 0.47.9> However, the diffu-
sivity of Ni; is difficult to measure. The published prefactors
Dy range from 1073 to 10° cm?/s and the activation ener-
gies from 0.13 to 4.24 eV (for a review, see Ref. 63). In the
case of Cu, the NEB method predicts an activation energy
for diffusion of 0.18 eV, which matches the most recent ex-
perimental value.?® Note that our earlier value?' of 0.24 eV
was obtained from ab initio Hartree-Fock calculations in
small hydrogen-saturated clusters.

IV. TRAPPING AT PRE-EXISTING VACANCIES

The 3d TM;s strongly interact with radiation
damage.?’3 In this section, we consider the interactions be-
tween a TM; and a pre-existing vacancy (V). Vacancies are
generated during irradiation and implantation, as well as dur-
ing various high-temperature processes such as those associ-
ated with the formation of some surface layers in PV manu-
facturing, such as SiN, antireflection coatings or Al back
contacts. During such nonequilibrium processes, large con-
centrations of charge carriers are often present. We therefore
assume that the Fermi level is midgap. The interacting spe-
cies are then in the O charge state, except for Ti; which is in

TABLE I. Calculated (measured) gap levels of Ti;, Refs. 25 and
26, Fe;, Ref. 5, and Ni; (no gap levels for isolated Ni; are reported in
the literature). The donor (acceptor) levels (in eV) are given relative
to the valence (conduction) band as E,+x (E.—x).

Level Tll Fei Nll
0/-) —(0.09)

(+/0) 0.76 (0.89) 0.37 (0.39-0.45)

(++/+) 0.15 (0.25)
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FIG. 2. (Color online) The first-, second-, and third-nearest T
sites to the vacancy (red dot) are labeled T;, T,, and T;, respec-
tively. The hexagonal interstitial site is halfway between T; and Ts.

the + charge state. Closer to an equilibrium situation, it is
unlikely that Ti], Tii™, or Fe; would interact with V**, the
stable charge state® in p-Si. Minority carriers would need to
be produced for such interactions to take place. We assume
here that all the interactions take place during the nonequi-
librium phase.

Thus, our initial configuration has the TM; at the third-
nearest T site to the vacancy in the spin and charge states
consistent with the Fermi energy near midgap: **Ti*, 'Fe?,
and °Ni°. The final configuration for the NEB calculation has
the TM at the substitutional site in the same spin and charge
state. The TM moves along the trigonal axis T;
— hexagonal — T;—V (the various sites are shown in Fig.
2). Once the TM is at the substitutional site, the electronic
spin flips to the lowest-energy state (*Ti*, °Fe’, and °Ni®) at
an additional gain in energy in the case of Ti; and Fe,. The
results are shown in Fig. 3. Note that if the TM,; starts at T,,
the second-nearest T site to the vacancy, constant-
temperature molecular-dynamics simulations show that the
vacancy first moves toward the TM; which then finds itself at
a site equivalent to T;.

The energy gains in the TM;+V— TM; reaction (lowest-
energy spin state in both configurations) using the NEB
method in the Sig cell (2X2X2 mesh) and using total-
energy differences in the Siy ¢ cell (3 X3 X3 mesh) are very
similar: 2.07 eV and 2.02 eV for Ti*, 3.20 eV and 2.93 eV
for Fe, and 2.68 eV and 2.60 eV for Ni, respectively.

Note that the potential-energy surface in Ref. 39 was not
obtained with the NEB method. Instead, a constant force was
imposed and it pushed Fe from the interstitial to the substi-
tutional site along the trigonal axis. The result was a more
pronounced minimum outside the vacancy than obtained
here. This local minimum became shallower as the magni-
tude of the applied force was reduced. The potential surfaces
shown in Fig. 3 show that, if the TM,; starts at the Tj site, it
becomes TM; in all cases.

The binding energies E;, (eV) of TM; to the vacancy, de-
fined from the reaction TM;+V—TM,+E,, (all in the O
charge state), are shown in Fig. 4. They are all on the order
of 3 eV, which is a substantial energy gain but is less than the
formation energy of the vacancy, 3.96 eV at the present of
theory. Even in the most favorable case, Fe, none of the
TM;,’s becomes substitutional unless a vacancy is provided
by some energetic process. Note that the general shape of the
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FIG. 3. (Color online) Calculated potential-energy surface for
the reaction TM;+V—TM, in the O charge state along a Ty
—hexagonal — T — V path with the TM,; starting at T3 and ending
at the substitutional site. The zero of the energy corresponds to the
TM,; infinitely far away from the vacancy. The energy of a TM; at
the T3 site is almost the same as at an isolated T site. The charge
and spin states are fixed during the NEB calculation and corre-
sponds to that of the isolated interstitial with Fermi energy at mid-
gap: Y?Ti*, 'Fe®, and °Ni®. At the substitutional site, the lowest-
energy spin states are ’Ti*, “Fe’, and °Ni’. The energy gain
associated with the spin flip is shown with a blue arrow and open
circle. Ni remains in the spin O state throughout the reaction.

curve in Fig. 4 is very similar to a prediction by Pauling®
about the number of unpaired electrons along the 3d TM
series, interpreted here as the number of electrons available
for covalent bonding.

V. VACANCY PASSIVATION AND VACANCY ACTIVATION

Substitutional TM impurities are on-site with very little
distortion or breathing-mode relaxation. In the O charge state,
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FIG. 4. (Color online) Binding energies E;, (eV) for the reaction
TM;+V—TM,+E,, all in the O charge state, plotted as a function of
the number of d electrons in the atomic species (Ref. 65). The
horizontal dashed line shows the formation energy of the vacancy,
3.96 eV at the present level of theory.

the distance between the TM, and its four Si NNs is 2.519 A
for Ti; 2.247 A for Fe; and 2.281 A for Ni (the unrelaxed
distance is 2.367 A).

The measured (solid lines) and the calculated (dashed
lines) donor and acceptor levels are shown in Fig. 5. We are
not aware of any experimental data for Ti,. The acceptor
level of Fe has been only “tentatively attributed to an accep-
tor state of Fe,.”?” The measured and the calculated values
are compared in Table II.

A comparison of Figs. 1 and 5 shows that the electrical
properties of TM; and TM, defects are opposite to each other.
Ti;, with few 3d electrons, is a major trap for minority car-
riers in p-Si, but Ti; is almost electrically inactive as its odd
electrons pair up with those in the Si dangling bonds in order
to form Ti-Si bonds. Fe; has a deep donor level and is a
strong recombination center in p-Si, but Fe, has a deep ac-
ceptor level instead and is in the O charge state in p-Si, ren-
dering it almost harmless. Thus, vacancies partially passivate
some of the most feared interstitial 3d TMs.

On the other hand, isolated Ni; is always in the O charge
state while Ni, has multiple levels in the gap. However, Nj, is
a fast diffuser which rapidly forms electrically active precipi-
tates or silicides.*%7%% Our results indicate that the interac-
tion of a single Ni with a vacancy already produces an elec-
trically active center.

Ti Fe Ni
E
s e —
0
0
0 ______
E AT :

FIG. 5. Measured (solid line) and calculated (dashed lines) do-
nor and acceptor levels of Ti,, Fe,, and Ni,;. The predicted charge
state of each impurity for various positions of the Fermi level is
indicated. The references for the measured values are in Table II.
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TABLE II. Calculated (measured) gap levels of Ti, (no gap
levels for Ti, are reported in the literature), Fe, (Ref. 27) (see text),
and Ni, (Refs. 4, 35, and 66). The donor (acceptor) levels (in eV)
are given relative to the valence (conduction) band as E,+x (E.
-X).

Level Ti, Fe, Ni,
(=/=—-) 0.16 (0.08)
0/-) 0.03(-) 0.41 (0.38) 0.31 (0.39-0.47)

(+/0) 0.11(-) 0.30 (0.15-0.18)

Our stable spin states match the ones calculated by other
authors.!? Ti, has spin 1/2, 0, and 1/2 in the +, 0, and —
charge states. The other a priori possible spin states are at
least 0.5 eV higher in energy. Fe, has spin 0 and 1/2 in the O
and — charge states, respectively.’® Ni, has spin 1/2, 1, 3/2,
and 1 in the +, 0, —, and — charge states, respectively. The
spin 1/2 state of Nij is only 0.14 eV higher in energy.

Ti and Fe are partially passivated by the vacancy because
their odd electrons pair up with those in the Si dangling
bonds resulting in covalent overlap (energy gain) and low
spin. On the other hand, Ni must open its (initially closed) 3d
shell (energy cost) in order to achieve covalent overlap with
its four Si NN (energy gain). The open shell results in elec-
trical activity and high spin. This is the likely reason why Ni
precipitates are electrically active.

The orbital populations are 3d>%4s'® (Ti,), 3d%%4s'0
(Fe,), and 3d%*4s'0 (Ni,). The overlap populations between
the TM; and each of its four Si NNs are 0.31 for Ti, 0.34 for
Fe,, and 0.21 for Ni,. These covalent overlaps are much
larger than for the TM,’s and show that the electrons pro-
moted from the 3d shell to the 4sp shell hybridize with the Si
dangling bonds, even in the case of Ni. The formation of
these four TM,-Si bonds is responsible for the energy gain E,,
in the reaction TM;+V—TM+E,.

An explanation for the EPR and electron-nuclear double
resonance (ENDOR) data®-72 of the late (atomic nd® or nd'°,
n=3, 4, 5) substitutional TM impurities was proposed by
Watkins and Williams.”> The assumptions are that the nd
shell lies deep in the valence band and is therefore always
full (nd'%), and that the electrical activity of these TM,’s is
due to the 7,-like orbitals of the four Si NNs to the vacancy.
Thus, the TM; only perturbs the vacancy states. Ammerlaan
and van Oosten’* proposed instead a model which involves a
3d° configuration and sp hybridization involving the TMs
and two of the four Si dangling bonds. Such a configuration
has C,, symmetry before any Jahn-Teller distortion. This is a
variation in the Ludwig-Woodbury'3 model which involves
hybridization between the TMs and all four Si dangling
bonds. Here, the symmetry is T, before any Jahn-Teller dis-
tortions.

Our population analysis supports the latter model, but it is
no proof of it, for two reasons. First, our atomiclike basis set
does not describe true electronic states. Within density-
functional theory, only the total density obtained from a self-
consistent solution of the Kohn-Sham equation represents the
true electron density. The single-particle states correspond to
effective particles which resemble—but are not—electrons.
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FIG. 6. (Color online) The {TM;,0,V} (left) and {TM,,O;}
(right) complexes are two nearly energetically degenerate configu-
rations resulting from the interaction of a TM; (dark sphere) with
the {OV} pair. In {TM;, 0, V}, the TM; traps near the T site adjacent
to a Si displaced from its substitutional site. The O atom (red
sphere) overlaps with Ti; but not Fe; or Ni;. The arrow points to-
ward the vacancy site (red dot). In {TM,,O;}, the TM expels the O
from the vacancy and takes its place. The O atom is at a puckered
bond-centered site.

When comparing ab initio Hartree-Fock orbital and density-
functional orbitals populations, one obtains similar, but not
identical, numbers. Second, the Born-Oppenheimer approxi-
mation is incompatible with vibronic coupling.

VI. INTERACTIONS WITH THE A CENTER

The irradiation of Czochralski Si generates the A center
({0, V} pair). This results from the trapping of a vacancy by
an O interstitial.”> The A center has an acceptor level at E,
—0.17 eV, begins to anneal out at 300 °C, and disappears at
375 °C. Our calculations give O;+V—{0,V}+2.13 eV. We
find that the isolated A center has an acceptor level at E,
—-0.15 eV, very close to the measured one.

When Fe, Ni, or Cu are present in the sample, the A center
begins to anneal below 200 °C and disappears at 275 °C. A
new DLTS line correlates with the disappearance of the A
center and is associated with a {TM,O,V} complex. In the
case of Fe,87677 it is an acceptor level at E.—0.36 eV,
which matches the one predicted in Ref. 39 for the {Fe,,0;}
defect. In the case of Ni,*®3' a new donor level at E,
—0.365 €V has been associated with a {Ni;, O, V} defect with
Ni; near but outside {O, V}. The latter structure, predicted by
semiempirical Hartree-Fock calculations, has not been con-
sidered in our earlier Fe work.?® We have now examined the
{TM;,0, V} and {TM,, O;} structures (Fig. 6), calculated their
binding energies, and mapped the potential barrier between
them using the NEB method.

The {TM;,0,V} configuration®*3! has an interstitial TM
trapped near the most favorable T site adjacent to the A cen-
ter. The stability of this structure relative to the isolated TM;
and A center comes from the increased covalent overlap be-
tween the TM and a Si atom displaced by O from its ideal
substitutional site. Ti; overlaps with four Si atoms (overlap
populations 0.28, 0.16, 0.14, and 0.14, respectively) and ex-
hibits some overlap with O (0.14) and three other Si atoms
(0.09, 0.06, and 0.05, respectively); Fe; overlaps with seven
Si atoms (overlap populations 0.26, 0.25, 0.25, 0.19, 0.14,
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FIG. 7. (Color online) Minimum-energy path between

{Nij;,0,V} and {Ni,,0;} calculated with the NEB method in the 0
charge state. The barriers are slightly higher in the case of Fe and
Ti.

0.14, and 0.10, respectively); Ni; overlaps with two Si atoms
(overlap populations 0.19 and 0.16, respectively) and weakly
overlaps with four other Si atoms (0.09, 0.07, 0.03, and 0.03,
respectively). In all cases, the TM; takes advantage of the
lattice distortion near the A center to increase its overlap with
more Si neighbors. In the O charge state, the reaction TM;
+{OV}—{TM;, 0, V} leads to energy gains of 1.54, 1.19, and
1.21 eV in the case of Ti, Fe, and Ni, respectively.

The {TM,,O;} configuration involves the transformation
of TM; plus the {O, V} pair into TM; with an adjacent O;. Its
stability comes from the energy gained from the TM;
—TM;, reaction (about 3 eV as discussed above) minus the
energy cost associated with displacing O from the A-center
configuration to the interstitial one (about 2 eV in our calcu-
lations). In the O charge state, the reaction TM;+{O,V}
—{TM,,O;} leads to energy gains of 1.31, 1.19, and 1.21 eV
in the case of Ti, Fe, and Ni, respectively.

Figure 7 shows the potential-energy barrier separating the
{TM;,0,V} and {TM,,0;} configurations. The high barrier,
associated with the changes in the Si-O bonding, makes it
likely that both configurations coexist. Note that {TM;,0, V}
is favored for Ti but the two configurations are degenerate in
the case of Fe and Ni.

The calculated gap levels of the {TM;,0,V} complexes
are as follows. {Ti;,O, V} has double donor and donor levels
at E,+0.11 eV and E,+0.17 eV, respectively; {Fe;, O,V}
has only an acceptor level at £,—0.38 eV, and {Ni;,0,V}
has a shallow acceptor level at E.—0.06 eV. The only good
match with a measured value is for the acceptor level of
{Fe;,0,V}: E,-0.38 eV, close to the measured E,
-0.36 eV.®

The calculated gap levels of the {TM;,0,V} complexes
are as follows. {Ti,,O;} has a shallow donor level at E,
+0.07 eV, as well as acceptor and double acceptor levels at
E.—0.29 eV and E.—0.09 eV, respectively; {Fe,,0O;} has a
donor level at E,+0.08 eV and an acceptor level at E.
—0.22 eV. Finally, {Ni;,O;} has shallow donor and an accep-
tor levels at £,+0.04 eV and E.—0.19 eV, respectively. The
levels shallower than ~0.1 eV are not reliable because the
associated wave function can easily extend beyond the vol-
ume of the supercell, and therefore be artificially confined.

The energy level at £.—0.365 eV observed?! in irradiated
Ni-doped samples does not fit any of the calculated levels
associated with the {Ni;, 0, V} or {Ni,,O;} complexes. How-
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ever, it is close to the acceptor level of Ni, (Table II), a defect
which occurs in irradiated samples.

The acceptor level of {Fe,,0;} at E.—0.22 eV was
found*’ to be at E.—0.36 eV in the smaller 64 host-atoms
supercell. The 0.14 eV difference could be attributed to two
factors. First, the larger Madelung energy correction in the
smaller cell. Second, we calculate acceptor levels relative to
the conduction-band minimum, which varies more with su-
percell size than the top of the valence band does.

A correction to shallow-dopant levels in Si caused by the
strain differences between different charge states of the im-
purity has been calculated by Rockett et al.”® This correction
is quite small in our calculations. For example, the levels of
Ni, shift by ~0.03 eV, less than the typical error bar asso-
ciated with the marker method.

VII. KEY POINTS AND DISCUSSION

The basic properties of interstitial Ti, Fe, and Ni and their
interactions with the vacancy and the A center have been
calculated wusing first-principles spin density-functional
theory in Si,¢ periodic supercells and 3 X 3 X 3 k point sam-
pling (Sig, and 2 X2 X 2 for the NEB calculations). The gap
levels have been estimated using our implementation of the
marker method, which uses the perfect crystal used as a uni-
versal marker.

For the isolated interstitials, the equilibrium site, spin
state, gap levels, and activation energies for diffusion are in
very good agreement with the available experimental data
for Ti;, Fe;, and Cu;. In the case of Ni;, we predict it to be
0.21 eV, less than half the most commonly quoted value in
the literature. However, there is no agreement in the litera-
ture on the diffusivity of Ni;.%3

The donor and the acceptor levels of Ni; are predicted to
be just below the top of the valence band and just above the
bottom of the conduction band, respectively. Therefore, Nj; is
in the 0 charge state for all positions of the Fermi level.

TM;+V forms TM; with an energy gain ranging from 2.7
to 3.2 eV, which is less than the formation energy of the
vacancy, 3.96 eV. Therefore, vacancies must be provided in
order for the reaction to take place. The electrical properties
of the TM,’s are opposite of those of the TM,’s. Ti; has a
double donor and donor level as well as an acceptor level in
the gap while Ti, has only shallow donor and acceptor levels.
Fe; has a deep donor while Fe, has a deep acceptor level. Nj;
is always in the O charge state while Ni; has deep donor,
acceptor, and double acceptor levels in the gap. Thus, if Tj;
traps a vacancy, it is almost passivated while in p-Si, the
donor level of Fe; is passivated, but a deep-acceptor level
appears. This level is not expected to be a significant trap for
minority carriers in p-Si.

The strong interactions between TM;’s and vacancies re-
sult in substantial changes in the electrical activity of the
TM. This suggests that vacancies may be playing an unrec-
ognized role during a variety of nonequilibrium processes
that generate them. In general, most of the attention paid to
3d TM impurities focuses on the isolated interstitial or on a
few well-known defects such as Fe-acceptor pairs. For ex-
ample, the “Fe content” of p-Si samples is often obtained
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from the amplitude of the DLTS lines of Fe; and the {Fe,B}
pair. In other words, it refers to the Fe; content, not the total
Fe. However, some of the TM impurities present in the melt
could easily trap as isolated TM, impurities and remain hid-
den from such DLTS analysis. More importantly, a number
of processing steps are known (or believed) to inject vacan-
cies into the bulk. These include implantation and irradiation
of course, but also plasma exposure and a number of surface
treatments (SiN, antireflection coatings and Al back contacts
in PV manufacturing), high temperature anneals and various
types of rapid-thermal processing. How many vacancies are
actually generated is not known and probably depends on the
details of the process (anneal time, temperature ramps, den-
sities of the surface layers, etc.). However, the generated
vacancies diffuse rapidly and may well passivate some of the
undesirable TM; still present in the sample. The observed
reduction in the DLTS amplitudes of the unwanted TM;’s is
often attributed to gettering without direct evidence of how
much gettering actually took place. Our results suggest that
TM;’s will form, thus resulting in a reduction in the DLTS
amplitudes and increase minority-carrier lifetimes. The (par-
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tial) passivation by vacancies (instead of H), first discussed
in conjunction with Fe;,> appears to extend to Ti; as well.
Further experimental studies of V production and TM,+V
interactions would clarify these issues.

The interactions between a TM; and the {OV} pair lead to
the formation of two (almost) energetically degenerate com-
plexes, {TM;,0,V} and {TM,,0;}. The former has the TM;
just outside the A center and the latter consist of a TM, with
O, bridging an adjacent Si-Si bond. The acceptor level of the
“{FeVO}” defect reported by several authors?®7%77 matches
more closely that of {Fe;,0,V} than of {Fe,,O;}.
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