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Hydrogen passivates many electrically active impurities in Si. While most passivation reactions are under-
stood experimentally and theoretically, the interactions between H and transition-metal �TM� impurities of the
3d series are poorly understood. H does trap at various TMs but new electrically active levels in the gap appear
following hydrogenation. No specific complex has been assigned to any of these new lines and even the
number of hydrogen atoms involved is only assumed. Electrical studies of Ti-H and Ni-H interactions have
sometimes produced conflicting results. We report here the results of systematic first-principles studies of Ti-H
and Ni-H interactions in Si. The stable structures, binding energies, electrical properties, and vibrational spectra
are predicted. Several of the observed complexes are identified. We find one electrically inactive Ti-H complex,
�TiiH4�, but no inactive Ni-H complex. We show that, if enough H is available, substitutional Ti and Ni are
expelled to interstitial sites, leaving a partially H-saturated vacancy.
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I. INTRODUCTION

Hydrogen is a fast-diffusing interstitial impurity in Si
which interacts covalently with a wide range of defects.1–3

Because of the strength of many chemical bonds involving
H, the bonding-antibonding separation often exceeds the Si
band gap. As a result, the electrically active gap levels of
numerous defect centers shift upon hydrogenation, some-
times within the gap but often into the valence or conduction
bands, thus passivating the defect.

Hydrogen is commonly used to increase minority-carrier
lifetimes in photovoltaic- �PV-� grade Si, especially in p-type
material.4,5 In particular, the heat treatment which follows
the plasma-enhanced chemical-vapor deposition of an SiNx
layer �antireflection coating� injects hydrogen into the bulk
of the material.6,7 Even though it is not known which defects
are passivated, the lifetime of minority carrier often increases
substantially.

The transition metals �TMs� from the 3d series are among
the most feared impurities in PV- and integrated circuit-grade
Si’s. These common contaminants, often present in the
source material, can be introduced into the material during
various processing steps �metal contacts, surface layers, im-
purities in furnaces, etc.�. These TMs are often associated
with strong recombination centers.8–11 The lightest elements
in the series �Ti and V� are very strong traps for minority
carriers in p-Si �Refs. 26 and 27� and are also very slow
interstitial diffusers, which makes them nearly impossible to
getter. The heaviest elements in the series �Ni and Cu� are
almost harmless when isolated but are among the fastest in-
terstitial diffusers known.12,13 They precipitate and these
larger defects are electrically active.14–18

Deep-level transient spectroscopy �DLTS� has been used
to study the interactions between hydrogen and a range of
TM impurities.19,20 In general, if H traps at a TM impurity,
the gap levels of the TM shift within the gap but are not
removed. A wide range of new deep levels associated with
�TM,Hn� complexes appear following hydrogenation. The
structure and the number of H involved are known in only
rare case.21,22 Comparisons of the intensities of the DLTS

peaks combined with annealing studies suggest that electri-
cally inactive complexes exist in some cases. In this paper,
we focus on the interactions between hydrogen and Ti or Ni.

Isolated interstitial titanium �Tii� is stable at the tetrahe-
dral interstitial �T� site. It has double-donor, donor, and ac-
ceptor levels at level at Ev+0.25, Ec−0.27=Ev+0.89, and
Ec−0.09 eV, respectively.23,24 We calculate13 these levels to
be at Ev+0.15, Ev+0.76, and Ec+0.07 eV, respectively. The
measured25 activation energy for diffusion in intrinsic Si is
1.79 eV. Our calculations give 1.79 eV, 1.66 eV, 1.75 eV, and
1.66 eV for Tii in the ++, +, 0, and − charge state, respec-
tively. In p-Si, this slow diffusing interstitial impurity is in
the ++ charge state and a major killer of minority
carriers.26,27 The consequences of hydrogenating Ti-
contaminated Si samples has been studied by two groups.

Singh et al.28 implanted protons into moderately doped
p-Si and n-Si, etched away the damaged surface layer, and
annealed the sample at 300 °C before performing DLTS
measurements. They report that no passivation of Ti occurs.
However, Tii should be in the + or ++ charge state in their
samples and H diffuses as H+ as well. The long-ranged Cou-
lomb repulsion reduces the probability of any H-Ti reaction.
Further, as discussed below, a 300 °C anneal breaks up any
Ti-H complex.

Jost et al.29 introduced H into moderately doped p- and
n-type Si by wet chemical etching as well as exposure to a
remote hydrogen plasma, annealed the samples at 470 K, and
performed DLTS experiments. In n-type samples, the DLTS
spectrum shows four peaks. Two of them are associated with
the acceptor and donor levels of isolated Tii. The other two
peaks, Ec−0.31 and Ec−0.57 eV, are associated with near-
surface defects. They anneal out after three hours at 570 K,
but not in the 300–450 K range. Depth profiling provides
evidence that the concentration of the Ec−0.57 eV level is
greatest near the surface and decreases toward the bulk. The
depth profile of the Ec−0.31 eV level could not be deter-
mined due to its strong overlap with the Tii donor level but a
DLTS measurement deeper in the bulk confirms that this
level lies in the surface region. When the n-type samples are
treated in a hydrogen plasma, the DLTS spectrum is similar
to that obtained after wet chemical etching, except that the
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Ec−0.31 and Ec−0.57 eV peaks are more pronounced.
These two peaks have been assigned to unspecified �Ti,H�
complexes.

In p-type samples, three peaks in the DLTS spectrum cor-
respond to the acceptor, donor, and double-donor levels of
Tii. The concentration of the double donor is not affected by
wet chemical etching, as H+ passivates the shallow B− ac-
ceptors instead. A zero-bias 400 K anneal breaks up the
�B,H� pairs and then the concentration of the Ti double donor
level drops near the surface. This decrease does not occur
under reverse bias: the double-donor level is only passivated
near the surface when minority carriers are available.

Finally, the authors29 point out that, before the 570 K
anneal, the sum of the DLTS amplitudes of the Ti and �Ti,H�
lines is less than the prehydrogenation Ti concentration. The
concentrations of the Tii acceptor and donor levels fully re-
cover only following a 3 h, 570 K anneal. The authors pro-
pose that there is at least one electrically inactive Ti-H com-
plex with a concentration greater than the concentration of
the electrically active �Ti,H� levels.

The only published theoretical study30 involving Ti and H
in Si involved approximate ab initio and ab initio Hartree-
Fock calculations in H-saturated clusters containing 10 or 35
Si atoms. The authors predicted that H binds to interstitial Ti
with a binding energy of 2.3 eV but the electrical activity of
the pair was not calculated.

Isolated interstitial nickel �Nii� is also stable at the T site.
No gap level associated with it has been reported in the lit-
erature. We predicted13 that the donor level is just below the
top of the valence band and the acceptor level just above the
bottom of the conduction band. Thus, isolated Nii should be
in the 0 charge state for all positions of the Fermi level. The
activation energy for diffusion was calculated to be 0.21 eV.
The experimental values31 for this migration barrier differ by
more than a factor of 30, illustrating how difficult it is to
measure the activation energy of an electrically neutral inter-
stitial which diffuses very fast, even at low temperatures.

The interactions between Ni and H have been studied
by DLTS �Ref. 32� in Ni-contaminated p- and n-type Si.
The hydrogenation was done by wet chemical etching. A
total of 14 DLTS peaks were observed, three of which
match the double acceptor �Ec−0.08 eV�, acceptor
�Ec−0.39 eV�, and donor �Ev+0.15 eV� levels of isolated
substitutional Ni �Nis�.33–35 In addition to these DLTS
peaks, the authors report six hole traps �Ev
+0.08, 0.20, 0.32, 0.37, 0.47, 0.56 eV� and five elec-
tron traps �Ec−0.15, 0.16, 0.25, 0.35, 0.52 eV�. These
eleven new levels are attributed to unspecified Ni-H com-
plexes because their appearance coincides with a reduction in
the intensity of the isolated Nis DLTS peaks upon hydroge-
nation. In n-type Si, a one-hour anneal at 470 K reduces the
amplitude of the electron traps and a 2 h anneal at 570 K
recovers the original concentration of the Nis acceptor levels.
In p-type samples, all the H-related hole traps also anneal out
at 570 K but the Nis donor level does not fully recover.

The only published theoretical study36 of Ni and H in Si
involved density-functional calculations in H-saturated clus-
ters containing 34–70 Si atoms. The authors predicted that
the �NisH2� complex has the two H’s at the antibonding site
of two Si nearest neighbors �NNs� to Nis. However, further

calculations in periodic supercells have shown37 that the an-
tibonding configuration for H trapped at Nis is not the lowest
energy structure. Instead, H attaches directly to the transition
metal, as had been predicted for Cus.

38,39

In this work, we present the results of first-principles cal-
culations of the interactions of one or more H interstitials
with Ti and Ni in Si.40 The lowest energy configurations and
their binding energies are predicted. The approximate posi-
tion of the donor and acceptor levels of the stable complexes
is calculated and several of the observed DLTS levels are
assigned to specific complexes. We also predict the vibra-
tional spectra of the most stable Ti-H and Ni-H complexes in
order to facilitate future optical experimental identification.
We also predict that, given a sufficiently high concentration
of H, substitutional Ti and Ni are expelled to interstitial sites
leaving a partially H-saturated vacancy. The level of theory
is discussed in Sec. II. Sections III and IV contain the results
for Ti-H and Ni-H interactions, respectively. The key points
are discussed in Sec. V.

II. METHODOLOGY

A. Electronic structure

Our first-principles electronic structure and ab initio
molecular-dynamics simulations,41 based on the SIESTA

method,42,43 have been used in earlier studies of 3d TM im-
purities in Si.13,44,45 The host crystal is represented by peri-
odic supercells containing 216 host atoms. The lattice con-
stant of the perfect cell is optimized in each charge state. The
defect geometries are obtained with a conjugate gradient al-
gorithm. A 3�3�3 Monkhorst-Pack46 mesh is used to
sample the Brillouin zone.

The electronic core regions are removed from the calcu-
lations using ab initio norm-conserving pseudopotentials
with the Troullier-Martins parameterization47 in the
Kleinman-Bylander form.48 The SIESTA pseudopotentials
have been optimized using the experimental bulk properties
of the perfect solids and/or first-principles calculations49 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-
fect problems at hand.

The valence regions are treated with first-principles spin-
density-functional theory within the generalized gradient ap-
proximation for the exchange-correlation potential.50 The
charge density is projected on a real-space grid with an
equivalent cutoff of 350 Ryd to calculate the exchange-
correlation and Hartree potentials. The basis sets for the va-
lence states are linear combinations of numerical atomic
orbitals:51,52 double zeta for H with polarizations functions
�one set of d’s� for Si. The basis sets of Ni and Ti include two
sets of s and d orbitals, and one set of p’s.

B. Vibrational spectra

The vibrational spectra are obtained from a direct calcu-
lation of the force constant matrix �the so-called “frozen-
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phonon” approximation� starting with geometries converged
down to a maximum force component smaller than
0.003 eV /Å. The dynamical matrices are diagonalized and
their orthonormal eigenvectors e�i

s are used to quantify the
localization of each normal vibrational mode. Here, � num-
bers the atom, i the Cartesian coordinate, and s the normal
mode. A quantitative measure of the localization is provided
by a plot of L���

2 = �e�x
s �2+ �e�y

s �2+ �e�z
s �2 vs �. The set of at-

oms ��� may be a single atom �e.g., H� or a sum over a group
of atoms �e.g., the Si NNs to H�.

C. Gap levels

The gap levels are evaluated using our implementation of
the marker method.53,54 The original method predicts the po-
sition of donor and acceptor levels in the gap by scaling the
calculated ionization energies and electron affinities to those
of a “similar” known defect called the marker. In the present
case, even isolated interstitial Ti and Ni are electrically very
dissimilar even through both reside at a virtually undisturbed
T site. Further, it is not clear which known defect is similar
to a Ti-H complex for example. In order to remove the de-
pendence of the results on the choice of marker, we use the
perfect crystal as the universal marker for all the defects. In
other words, the reference donor and acceptor levels are the
top of the valence band and the bottom of the conduction
band, respectively. This works well for a wide range of de-
fects provided that the defect geometries and the lattice con-
stant of the supercell are carefully optimized in each charge
state with a 3�3�3 k-point sampling. This sampling gives
converged energies for the supercell size used here.

D. Accuracy of the predictions

Estimating the accuracy of theoretical predictions is an
imperfect science. The numbers predicted in this paper in-
volve total energy differences, vibrational frequencies, and
gap levels. Comments about the expected accuracy of these
predictions are as follows.

Total energy differences are usually reliable because of
error compensation. A reasonable error estimate is probably
0.1–0.2 eV at most. For example, the activation energies for
diffusion of interstitial transition metals calculated at the
same level of theory are all within 0.00 and 0.08 eV from the
measured values.13 Note that none of these migration barriers
involves a substantial amount of strain at the transition point
�the hexagonal interstitial site�. As for the spin states, one
compares two essentially identical configurations with differ-
ent spins. The error in these relative energies should be very
small.

The vibrational spectra, calculated at the � point, are ac-
curate. It is not unusual to predict local vibrational modes
within a few percent of the ones measured at low tempera-
tures �see, for example, Ref. 55�. The accuracy of pseudolo-
cal modes is almost impossible to assess because few �if any�
of the defects exhibiting phonon sidebands in their photolu-
minescence spectrum have been identified with certainty.
However, the quality of the dynamical matrix is confirmed
by the calculations of phonon densities of state, specific
heats, and isotope-dependent anomalies in the Debye

temperature56–58 or vibrational lifetimes of localized
modes.59–61

The predictions of gap levels are more complicated and
claiming one typical error bar is misleading. For example,
any level too close �within 0.10 eV or so� to a band is unre-
liable. In our implementation of the marker method �de-
scribed above�, we calculate the position of donor levels rela-
tive to the top of the valence band and that of acceptor levels
relative to the bottom of the conduction band. This works
well in many cases. For example, the average error for the 11
donor and 11 acceptor levels calculated in Refs. 13, 44, 45,
and 55 �defects associated with isolated Ti, Fe, and Ni, Fe-
acceptor pairs, interstitial C and C-O complexes� is 0.07 eV
with a minimum �maximum� error of 0.00 �about 0.15� eV
for both types of levels, as compared to the measured values.
The error bar on double donor or acceptor levels is expected
to be larger.

On the other hand, if a donor level is unusually high in the
gap, close to the conduction band �or an acceptor is very low
in the gap, close to the valence band� the uncertainty in-
creases because the level may be tagged relative to the wrong
band. Examples of such behavior are negative-U centers.
None of the defect centers studied here are in this category.

III. Ti-H INTERACTIONS

In p-type Si and in equilibrium, H is positively charged
and diffuses as the bond-centered interstitial Hbc

+ . It is much
more likely to trap at negatively charged shallow acceptors
than at Tii

++. Interactions between Tii and H are observed
only when minority carriers are present29 and the interacting
impurities are in the 0 charge state. This is the situation we
are considering here.

A. Structures and binding energies

We find two nearly energetically degenerate Ti-H pairs
which we label �TiiH� and �TiiHbc�, respectively �Fig. 1�.
�TiiH� is trigonal with Tii at a T site and H bound to it, just
beyond the nearest hexagonal interstitial site. The Ti-H over-
lap population is only 0.12, suggesting a weak Ti-H bond.
�TiiHbc� has no bond between Tii and H. One Si atom near Ti
moves away from the substitutional site along a trigonal axis,
Tii moves off the T site and overlaps with it, while H ties up
the Si dangling bond. The energy gained by forming a strong
Si-H bond and increasing the Ti-Si overlap exceeds the en-
ergy cost associated with the large displacement of a Si atom
and the breaking of a Si-Si bond.

In the 0 charge state, the binding energies relative to iso-
lated Hbc are almost the same for the two defects: Tii+Hbc
→ �TiiH�+0.93 eV and Tii+Hbc→ �TiiHbc�+0.91 eV. These
binding energies are consistent with the 570 K annealing
temperature reported in the experiments.29

Tii should not trap a second H interstitial because the
formation of an H2 molecule is energetically favored. In the
0 charge state, �TiiH�+Hbc→ �TiiH2�+0.86 eV, but then
�TiiH2�→Tii+H2+0.28 eV. A third H interstitial should
form �TiiH� or �TiiHbc�+H2. However, a fourth H can result
in the formation of �TiiH4�.
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In the experiments discussed here, hydrogen flows from
the surface into the bulk and can therefore accumulate in
large concentrations in the subsurface region, which is also
where the DLTS measurements are made. Under these con-
ditions, it is therefore possible that H accumulates near Tii.
The �Tii ,H4� complex has Tii at the T site with four H atoms
bound to it along the four trigonal axis pointing away from
its four Si NNs. The reaction Tii+2H2→ �Tii ,H4� occurs
with the small energy gain of 0.22 eV. �Tii ,H4� is fully pas-
sivated. This is the only electrically inactive Ti-H complex
we found in the present study.

B. Calculated and measured gap levels

The calculated gap levels of Tii, �TiiH�, and �TiiHbc� are
compared to the measured29 values in Table I. �TiiH� has

double-donor level at Ev+0.13 eV �close to the calculated
double-donor level of isolated Tii� and a donor level at Ev
+0.78=Ec−0.38 eV �close to one of the levels assigned to a
Ti-H complex�. �TiiHbc� has double-donor and donor levels
at Ev+0.42 and Ev+0.54=Ec−0.62 eV, respectively. The
latter is close to the DLTS peak at Ec−0.57 eV assigned to a
Ti-H complex.

C. Vibrational spectra

Figure 2 shows all the localized vibrational modes of the
Ti-H complexes. Upon D substitution, the stretch and wag
modes of H in �TiiH� at 1158 cm−1, 636 cm−1, and
614 cm−1 shift to 825 cm−1, 436 cm−1, and 425 cm−1, re-
spectively. In �TiiHbc�, they shift from 1733 cm−1,

FIG. 1. �Color online� �TiiH� �top� has H bound to Ti along the
trigonal axis. �TiiHbc� �bottom� has one Si atom displaced from its
substitutional site �red dot� while H saturates the other Si dangling
bond. Ti is the black sphere, the Si atoms are light blue spheres, and
H is the small white sphere.

TABLE I. Calculated �measured �Ref. 29�� gap levels �in eV�
for Tii, �TiiH�, and �TiiHbc�. The top row lists the acceptor levels,
the middle row the donor levels, and the bottom row the double
donor levels. The two measured levels of Ti-H complexes at Ec

−0.31 eV and Ec−0.57 eV have not been associated with a spe-
cific defect. We assign them here to �TiiH� and �TiiHbc�,
respectively.

Tii �TiiH� �TiiHbc�

Ec+0.07 �−0.09�
Ev+0.76 �+0.89� Ec−0.38 �−0.31� Ec−0.62 �−0.57�
Ev+0.15 �+0.25� Ev+0.13 Ev+0.42

FIG. 2. �Color online� Localization L���
2 ��� of the �TiiH� �top�

and �TiiHbc� �bottom� complexes. The solid �red� lines are for �
=H and the �black� dashed line for �=Ti.
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987 cm−1, and 543 cm−1 to 1246 cm−1, 706 cm−1, and
343 cm−1, respectively.

D. H and substitutional Ti

In the 0 charge state, the interaction of Tii with a pre-
existing vacancy �V� results in the formation of substitutional
Ti �Tis� with a 2.7 eV energy gain.13 The formation of Tis is
not likely to occur in p-type Si under equilibrium conditions
since both the vacancy62 and Tii are positively charged.
However, these samples were contaminated with Ti during
growth and some Tis may have formed. The electrical activ-
ity of Tis has been predicted13 to be very low with a donor
level at Ev+0.11 eV. The acceptor level is resonant with the
bottom of the conduction band �Ec−0.03 eV�.

In the 0 charge state, H traps at Tis with a gain in energy
of 1.54 eV. The resulting �TisH� defect has H bound directly
to the Ti along a C2v axis. We find a donor �Ev+0.07 eV�
and two acceptor �Ec−0.21 and Ec−0.10 eV� levels in the
gap. None of them are close to the DLTS levels reported for
Ti-H.

The trapping of a second H leads to the formation of
�TisH2� with a gain of 1.86 eV. However, instead of binding
to Ti, the two H atoms bind to Si atoms in a bonding con-
figuration and the Ti atom moves away from the substitu-
tional site toward the T site. The reaction occurs without
activation energy, during a T=0 K conjugate gradient geom-
etry optimization. This defect could also be labeled
�Tii ,VH2�. This structure has donor and acceptor levels at
Ev+0.05 and Ec−0.20 eV, respectively. These gap levels are
not close to the ones reported experimentally for any Ti-H
complexes. A third H atom finishes the kick-out process and
the result is Tii+VH3, with a gain of 2.12 eV.

IV. Ni-H INTERACTIONS

A. H and interstitial Ni

Our calculations13,63 show that isolated Nii has charge 0
and spin 0 for all positions of the Fermi level. It is not visible
by DLTS but could a priori trap H and form electrically
active pairs or larger complexes. However, the only Nii-H
“pair” has H at a bond-centered Si-Hbc-Si site near Nii with
no Nii-H overlap. In the 0�+� charge state, this configuration
is more stable by only 0.38 eV �0.24 eV� than the dissociated
species. This energy is smaller than the activation energy for
diffusion of Hbc, 0.48 eV.2,3 Since the DLTS peaks associated
with Ni-H complexes survive a 470 K anneal, it is most
unlikely that this pair plays any role at all in these experi-
ments.

B. H and substitutional Ni

If vacancies are present, Nii becomes substitutional �Nis�
with a 2.7 eV gain in energy. The reaction Nii+V→Nis oc-
curs without an energy barrier.13 The 2.7 eV energy gain
comes from the formation of four Ni-Si covalent bonds, as
Nis promotes some electrons from the 3d to the 4sp shell.

1. Structures and binding energies

Interstitial H traps at Nis. In the 0 charge state, Nis+Hbc
→ �NisH�+1.44 eV, and then �NisH�+Hbc→ �NisH2�

+1.39 eV. The Ni-H bond length is 1.66 Å. �NisH2� is more
stable than Nis+H2 by 0.86 eV. The �NisH� and �NisH2�
complexes are shown in Fig. 3.

If a third H atom interacts with �NisH2�, the Ni atom
spontaneously moves away from the substitutional site to-
ward the T site with an energy gain of 0.39 eV in the 0
charge state. The reaction occurs without activation energy,
during a T=0 K conjugate gradient geometry optimization.
The result is a partially saturated vacancy VH3 and the elec-
trically inactive Nii. Therefore, there are only two Ni-H com-
plexes involving a single Ni atom.

2. Calculated and measured gap levels

The gap levels of Nis have been measured by several
groups.9,32–35 Nis has a double acceptor level at Ec
−0.08 eV, acceptor and donor levels in the range Ec−0.39 to

FIG. 3. �Color online� �NisH� �top� and �NisH2� �bottom� have
the H bound directly to Nis, which becomes fivefold and sixfold
coordinated, respectively. There is no Si-H overlap. Ni is the black
sphere, the Si atoms are light blue spheres, and H is the small white
sphere.
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0.47 and Ev+0.15 to 0.18 eV, respectively. We calculate13,63

these levels to be at Ec−0.16, Ec−0.31, and Ev+0.30 eV,
respectively.

Upon hydrogenation, at least eleven new DLTS lines ap-
pear: six hole traps at Ev+0.08, 0.20, 0.32, 0.37, 0.47, and
0.56 eV, and five electron traps at Ec−0.15, 0.16, 0.25, 0.35,
and 0.52 eV. Some of these lines could be due to defects
containing more than one Ni atom.

�NisH� has a four levels in the gap: double acceptor and
acceptor levels at Ec−0.22 eV and Ec−0.34 eV, respec-
tively; double-donor and donor levels at Ev+0.06 eV, and
Ev+0.20 eV, respectively. �NisH2� has only one acceptor
level at Ec−0.24 eV. Thus, we find a maximum of five new
gaps levels associated with complexes of H with one Nis
atom. We cannot associate our calculated levels with specific
observed ones because of the large number of DLTS peaks
reported and of the uncertainty associated with the prediction
of gap levels.

3. Vibrational spectra

Figure 4 shows the localization of the vibrational modes
associated with the �NisH� �top� and �NisH2� complexes.
Upon D substitution, the H-related modes in �NisH� at
1348 cm−1, 747 cm−1, and 295 cm−1 shift to 962 cm−1,
555 cm−1, and 226 cm−1, respectively. In �NisH2�, they shift
from 1511 cm−1, 1429 cm−1, 1364 cm−1, 817 cm−1,
318 cm−1, and 255 cm−1 to 1076 cm−1, 1020 cm−1,
984 cm−1, 595 cm−1, 256 cm−1, and 51 cm−1, respectively.

V. KEY POINTS AND DISCUSSION

First-principles theory in the 216 host-atoms supercell has
been used to calculate the structural, electrical, and vibra-
tional properties of Ti-H and Ni-H complexes. The electrical
properties of the stable structures are compared to published
DLTS data and several of the observed defects are identified.
Complete vibrational spectra are calculated in order to facili-
tate future optical identification.

There are four Ti-H complexes, two of which involve Tii
and the other two Tis. The �TiiH� and �TiiHbc� complexes are
almost energetically degenerate and each of them exhibits
double donor and donor levels. The two DLTS peaks at Ec
−0.31 eV and Ec−0.57 eV observed following the hydroge-
nation of Ti-contaminated samples29 are close to the donor
levels of the �TiiH� �Ec−0.38 eV vs Ec−0.31 eV� and
�TiiHbc� �Ec−0.62 eV vs Ec−0.57 eV� complexes. Their
binding energies are 0.93 eV and 0.91 eV, respectively.
These values are consistent with the observed annealing be-
havior �570 K for 3 h�. At such temperatures, the free energy
contributions to the dissociation are of the order of 0.2 eV.64

Adding a second hydrogen to Tii results in a complex that is
unstable against the formation of an interstitial H2 molecule.

There is no experimental evidence that Tis is present in
the samples used to get the DLTS data. Should Tis be present
in the sample, it will trap one or two interstitial H and then
become electrically active. None of the calculated gap levels
match an observed DLTS peak.

We find no stable Nii-H complexes. The most favorable
configuration has Hbc near Nii, with no Ni-H overlap. The
binding energies �0.38 eV and 0.24 eV in the 0 and + charge
states, respectively� are too small for this defect to be stable
at room temperature. However, Nis traps one or two H with
binding energies of 1.44 eV and 1.39 eV, respectively. �NisH�
has two acceptor and two donor levels at Ec−0.22 eV, Ec
−0.34 eV, Ev+0.20 eV, and Ev+0.06 eV, respectively.
�NisH2� has only one acceptor level at Ec−0.24 eV. Given
the uncertainty associated with the prediction of gap levels,
we cannot associate any of the calculated levels to one or
another of the eleven DLTS lines reported following the hy-
drogenation of Ni-contaminated samples.32 However, Nii is a
very fast-diffusing interstitial which traps a various defects,
forms complexes, and silicides. It is possible that defects
containing several Ni impurities are present in the samples
and that H also interacts with those.

An unexpected result of our calculations is that suffi-
ciently high concentrations of H result in the trapping of
multiple H at a substitutional Ti or Ni, which then leads to
the H kicking out the TM to the interstitial site, leaving a
�partially� H-saturated VHn defect. The process begins with
n=2 in the case of Ti and n=3 in the case of Ni. Note that a
TisH2 defect would have Ti six-fold coordinated with only
four valence electrons. The kick-out process occurs without
activation energy. It is likely that this reaction takes place
with other substitutional impurities as well and could explain
why the VH4 defect �2222 cm−1 infrared line� often appears
in samples heavily hydrogenated from a surface layer while
VHn�4 is only reported in irradiated or implanted samples.

The H-induced kick out of Nis explains why the prehy-
drogenation concentration of Nis is reduced in p-type but not

FIG. 4. �Color online� Localization L���
2 ��� of the �NisH� �top�

and �NisH2� �bottom� complexes. The solid red lines are for �=H
and the black dashed line for �=Ni.
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in n-type Si after a 570 K anneal. Indeed, �NisH2� must trap
a third H in order to become Nii which is invisible in DLTS
experiments. �NisH2� has an acceptor level but no donor
level. Thus, it would be in the 0 charge state in p-type Si,
could trap the third H, and be expelled from the substitu-
tional site. However, this kick out would not occur in n-type
Si since �NisH2�− is unlikely to trap HT

−. Thus, the initial
concentration of DLTS-active Nis would be preserved only in
n-type Si.

In conclusion, the interactions between hydrogen and Ti
or Ni impurities in Si result in the formation of a variety of
complexes with binding energies on the order of 0.9–1.5 eV.
All the Ni-H and Ti-H complexes that involve a single TM
impurity are calculated. An identification for the two Ti-H

DLTS defects is proposed. Only the �TiiH4� complex is pas-
sivated. When more than two H interstitials are available,
both Tis and Nis are ejected from the substitutional site and
become Tii and Nii, respectively, leaving a �partially� hydro-
genated vacancy.
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