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We present the results of a theoretical study of the diffusion barriers of titanium and copper
in crystalline silicon, and of the interactions between titanium and hydrogen, and between copper
and hydrogen. The calculations were performed using various molecular clusters and the Hartree-
Fock method. The method of partial retention of diatomic differential overlap (PRDDO) predicts
diffusion barriers of 3.29 eV for Ti¥, 2.25 eV for Ti°, and 0.24 eV for Cu*. PRDDO also predicts
that substitutional Ti® is a deep trap for interstitial H, with a gain in energy of 1.84 eV relative
to atomic H far outside the cluster. Ab initio Hartree-Fock calculations show that a Tit ion at a
tetrahedral interstitial site also forms a bond with interstitial H, with a dissociation energy of 2.31
¢V. On the other hand, interstitial Cut does not form a bond with H. Several issues relevant to H
passivation of interstitial 3d transition metal-impurities in Si are discussed.

I. INTRODUCTION AND BACKGROUND

The presence of transition metal (TM) impurities!™

in doped and undoped silicon semiconductor material
causes significant changes in the electronic properties of
devices. Most TM’s create deep levels in the band gap
that considerably reduce the lifetime and mean free path
of charge carriers. This is clearly desirable in the case
of fast switches, in which gold and other impurities are
used for this purpose. On the other hand, the efficiency
of photovoltaic devices suffers greatly from the presence
of such impurities. While gettering is an efficient way
of controlling the concentration of some TM impurities
(Au, for example), it is mostly ineffective in the case of
slowly diffusing ones such as V or Ti. These impurities
are introduced during growth or processing, and remain
essentially immobile in the Si lattice.

The effect of TM impurities:? varies greatly from one
side of the TM block in the Periodic Table to the other.
Even in concentrations lower than 104 cm=3, Ti can re-
duce the efficiency of some solar cells by as much as 50%
making it one of the worst offenders. It also exhibits two
other undesirable properties: it is an excessively slowly
diffusing species, which makes it extremely difficult to re-
move with standard gettering techniques.* Further, hy-
drogen, which easily passivates’ Au, appears to have no
passivating effect® on the deep levels of Ti. Copper, at
the other extreme, diffuses rapidly through the Si lattice,
much faster than hydrogen in fact, and creates no deep
levels when isolated.

To date, theoretical efforts®® aimed at understanding
the properties of TM impurities in Si have been restricted
to studies of their electronic structures. Except for an
elastic-energy approach by Utzig,® neither potential en-
ergy surfaces nor interactions with other interstitials have
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been investigated. In the present work, we focus not on
the electronic structures, which are now well understood,
but rather on diffusion barriers and interactions with in-
terstitial H. Our calculations confirm the high barrier for
titanium and the much lower barrier for copper. Fur-
thermore, we show that substitutional Ti° and intersti-
tial Tit form strong bonds with H, while interstitial Cut
does not.1°

Titanium has been observed via electron paramagnetic
resonance!! and electron-nuclear double resonance!? at
an interstitial site in the +1 charge state, with three 3d
electrons filling half of a ¢, level to form a quartet %4,
state. Although no experimental observation of substi-
tutional Ti® has been reported, the presence of four 3d
electrons suggests that there may be some tendency for it
to choose a substitutional site, were such a site available
(this has been noted by Weber3). Estimates of the diffu-
sion barrier for Ti have crept towards higher values over
the years, from 1.50 (Ref. 13), to 1.66 (Ref. 4), to 1.79
eV (Ref. 14), and, more recently, to 2.05 eV (Ref. 15).

Copper is normally found as Cu? in Si, where the 3d!°
configuration is decidedly stable. As a small, closed-shell
ion, Cu*t has little tendency to interact with the lat-
tice. However, it does passivate!®17 shallow acceptors,
and forms complexes with lattice defects.1®!® Experi-
mental estimates of its diffusion barrier range from 0.43
eV (Ref. 19) to 0.15 eV (Ref. 20).

Our primary purpose in this work is to begin to address
some of the fundamental questions about the interactions
of TM impurities with interstitial H in Si. It would seem
advantageous to start this process by comparing two very
different impurities: Ti, which is immobile and electri-
cally very active, and Cu, which diffuses rapidly and, by
itself, is largely inactive. The most pointed questions
are these: Why does hydrogen not passivate the deep
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levels of titanium? Can hydrogen even bind to titanium?
How do copper and hydrogen interact? What constitutes
passivation, and what criteria are appropriate for distin-
guishing a passivated state from a nonpassivated one in
the context of a computational simulation?

Our results (Sec. IIT) show that H forms a bond with
both substitutional Ti® and interstitial Ti*, provided
that titanium and hydrogen are able to reach their re-
spective bonding locations. On the other hand, intersti-
tial Cut does not form a bond with H. Interstitial Cu®
does form a hydride in Si, but the Cu-H bond is quite
weak indicating an unstable interaction.

At this early stage in the study of TM interactions with
other impurities in Si, we are unable to confirm the ex-
perimental observation that H does not passivate Ti. We
will, however, utilize our current body of results to pro-
pose (Sec. IV) several possible explanations and make
recommendations for future work using both computa-
tional and experimental approaches.

II. METHODOLOGY

Our primary methodology is the nonempirical PRDDO
(partial retention of diatomic differential overlap)
method developed by Halgren and Lipscomb,?! and ex-
panded by Marynick and Lipscomb?? to include the first
period of TM’s. The PRDDO method makes approxima-
tions which reduce the cost of calculating two electron in-
tegrals. Whereas ab initio methods scale as N4/8 where
N is the number of basis functions, PRDDO scales as N3.
The method expands the molecular states over a basis set
of optimally orthogonalized atomic orbitals constructed
from a minimum basis set of Slater-type orbitals (STO’s).
PRDDO has been rather successful at predicting geome-
tries and relative energies.?> We have also made use of
the GAMESS (Ref. 24) implementation of unrestricted
ab initio Hartree-Fock (UHF) theory.?®

Clusters of various sizes and characteristics were used
to represent the Si crystalline environment. The dan-
gling bonds on the cluster surfaces were saturated with
H atoms.?® In the diffusion studies, three clusters were
utilized: SijoHie (labeled “T2” in this paper), Sij4Hao
(or “THT”), and SizoH4o (or “T4”). The first and last
of these clusters are centered at a tetrahedral interstitial
(T) site and have two and four shells of Si atoms around
the T site, respectively. The THT cluster is centered at a
hexagonal (H) site and is flanked by two symmetrically
located T sites. For substitutional Ti® with H, we used
Siz4Hz24 (or “BC-AB”) and SizgsHze (or “S4”) clusters.
The former is the smallest cluster which provides reason-
able environments for both an antibonding (AB) and a
bond-centered (BC) site. The latter cluster consists of
four shells around a substitutional (S) site. To investi-
gate the interactions between interstitial Tit and H, we
used the THT cluster described above. In the Cu and H
case, the THT and T4 clusters were used.

III. RESULTS
A. Diffusion barriers for Ti°, Tit, and Cu™

Diffusion barriers for the (spin) triplet Ti°, the quartet
Tit, and the singlet Cut were calculated using PRDDO
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and the three clusters detailed above. The barrier en-
ergy was taken to be the difference in energy between
the clusters with the impurity at the H and at the T
sites. The H site was explicitly demonstrated to be the
saddle point. For Ti® and Tit in the T4 cluster, a num-
ber of host atoms around the H or T site were allowed to
relax. At the T site, the four nearest neighbors (NN’s)
and the six next-nearest neighbors (NNN’s) were allowed
to breathe radially. At the H site the six NN’s were al-
lowed to relax radially, and the angle formed by each of
the six Si atoms with the Ti and the THT axis was also
relaxed. No relaxation was considered in the case of Cut
due to its small calculated barrier for diffusion.

The barrier heights are given in Table I. Lattice re-
laxation makes a very important contribution to reduc-
ing the size of the barriers. Our most reliable values
are 3.29 eV for Tit, 2.25 eV for Ti% and 0.24 eV for
Cut. Although Ti* is considered to be the more sta-
ble species, we observe that Ti® has a significantly lower
barrier for diffusion, closer to the high end of the exper-
imental values.!® The barrier for Ti" is more than 1 eV
lower than that of Tit. A charge-state-dependent diffu-
sion barrier has recently been reported?” in the case of
interstitial Fe, the barrier being higher for Fe® than for
Fet.

The low barrier for Cut diffusion is consistent with
the idea that its filled 3d shell does not interact to any
great extent with the lattice. The barrier height is largely
predicated upon the actual size of the ion (which is small)
and, to a much lesser extent, by the polarization effects
caused by the +1 charge.

On the other hand, Ti° and Ti* each have unpaired
electrons which create appreciable interactions with the
lattice. A quantitative measure of the strength of these
interactions is the degree of bonding,?® which has a value
of exactly 1 for a perfect two-electron covalent bond, such
as Si-Si in the perfect lattice. At the T site, the degrees
of bonding of Tit to its 4 NN and 6 NNN Si centers are
0.54 and 0.33, respectively. At the H site, the degree of
bonding of Ti* to each of its 6 NN’s is 0.61. The numbers
for Ti® are almost identical. Much of the charge density
needed to form these weak but numerous bonds between
Ti and the host lattice comes at the cost of weakening
the Sinn-Sinnn bonds, which have much smaller degrees
of bonding when Ti is present than when it is not.

The small differences in the degrees of bonding between

TABLE I. Diffusion barriers for Ti% Ti*, and Cu?t in Si
calculated with PRDDO. Our best estimates of the barrier
heights are in bold print.

Species State Cluster Relaxed Barrier (eV)

Tit Quartet T2 No 5.75
THT No 5.16

T4 No 5.68

T4 Yes 3.29

Ti° Triplet THT No 3.75
T4 Yes 2.25

Cut Singlet T2 No 0.17
THT No 0.30

T4 No 0.24
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Tit and Ti° and the lattice are too small to account for
the 1.04 eV difference between their respective diffusion
barriers. In seeking an explanation for this behavior, we
have investigated spin delocalization effects as well as
group theoretical differences.

An analysis of the atomic spin population for the Ti
species and its Sinn’s and Sinnn’s indicates a preferen-
tial delocalization in the case of Ti® at the H site (see
Table II). The total Si spin population gives a measure
of the degree to which the unpaired electrons from Ti are
delocalized. The values for Ti? and Tit differ substan-
tially at the H site, where much of the spin density of
Ti° is shifted to its Sinn’s. In the case of Ti, this delo-
calization appears to stabilize the H site. However, the
interpretation of spin delocalization is not as straightfor-
ward as that of electron delocalization. Indeed, electron
delocalization should be accompanied by a lengthening of
the Sinn-Sinnn bonds and a lowering of the correspond-
ing degrees of bonding, which we do not observe here.
This is because the only orbitals capable of accepting
electrons from Ti are Si-Si orbitals which are antibond-
ing in character. Populating these orbitals must result
in a weakening of the bonding interactions. Thus, the
spin delocalization which occurs here is not necessarily
the reason for the difference in barrier heights.

A more likely explanation can be obtained from group
theory, specifically the way the d electrons from the
triplet Ti® and the quartet Ti* are occupied in the crys-
talline environment. At the T site, which has Ty sym-
metry, all the electrons are found in a single state, 2,
which lies below an unoccupied e, state. At the H site,
with D3, symmetry, the d orbitals split into three lev-
els: an ay, state [formed from the z? — (z? + y*)/2 Ti
orbital] which can hold two electrons, and two e, states
(the lower one from zz and yz, the higher one from z2—y?
and zy) which can hold four electrons each. At the H
site, the orbital population for Tit indicates that there
is one spin-up electron in the a,4 state, and two spin-up
electrons in the lower e, state. In the case of Ti° the
fourth electron is spin-down and completes the pair in
the a,, state.

The result of this distribution is that the population of
Ti* is much closer to spherical than that of Ti° where
more electrons are in the d orbitals oriented along the 2
direction, which is the direction of the T-H-T' axis. At

TABLE II. Spin populations for Ti* and Ti° in the T4
cluster. At the T site, the Si values are the sum of the indi-
vidual values for the 4 NN and the 6 NNN Si atoms to Ti. At
the H site, they are the sum of the 6 NN’s. The amount of
spin delocalization is indicated: A value of 0% means that all
the spin is localized on Ti, and a value of 100% corresponds
to complete delocalization.

Net spin population

Species Center(s) T site % deloc. H site % deloc.
Tit Ti 2.788 7.1% 2.555 17.4%
Si 0.232 0.318
Ti® Ti 1.774 11.3% 1.197  40.2%
Si 0.244 0.780
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the H site, Ti° is much more elongated than Tit, and
thus “squeezes” more easily through the lattice than Tit,
which looks much more spherical. The total density in
the zz plane for Ti® and Tit at the H site is shown in
Fig. 1.

B. Interactions of substitutional Ti® with H

Ti® with its 3d* outer shell configuration might well
be expected to be present in Si as a substitutional impu-
rity. This should not be an electrically active impurity,
simply because there are four electrons which all have
well-defined roles to follow in bonding.

Using PRDDO exclusively, we performed one opti-
mization cycle in the small AB-BC cluster with hydrogen
near the BC site and at the AB location. Three centers
were adjusted: Ti%, H, and the Siyn atom lying along the
trigonal axis. The resulting geometry was then used as an
input for further optimizations in the larger S4 cluster.
We also calculated a reference energy, corresponding to
the cluster with substitutional Ti plus H far outside the
cluster. Computationally, this was done by calculating
the energies of TiSizsHge and H separately, and adding
the numbers.

Figure 2 shows substitutional Ti® with H at the BC site
and at the AB site. The BC case exhibits a net gain in

Ti0 triplet

Tit quartet

FIG. 1. Section through the zz plane (the z axis is the
T-H-T direction) of the total electronic density for the triplet
Ti and the quartet Tit at the H site in Si. The outermost
contour corresponds to 0.03 a.u., and each successive contour
is a factor of 2 higher. Because of the way the a1y and eq
states are populated, Ti® has a much more elongated shape
than Ti*, and its barrier for diffusion is much lower.
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energy of —1.84 eV relative to H outside the cluster, while
H at the AB site is bound with —0.47 eV only. The latter
configuration may or may not be metastable in reality,
i.e., calculations in larger clusters with larger basis sets
would be needed to confirm that this is a true local min-
imum rather than a saddle point of the energy. However,
the BC case is the typical sort of bonding realized?®:3°
for hydrogen in Si. It should be noted that when H is at
a BC site in perfect Si, and at the same level of theory,
it costs 0.25 eV to put it there starting from atomic H
far outside the cluster.3! This shows that substitutional
Ti0 is indeed a very strong trap for interstitial H.

C. Interactions of interstitial Tit with H

We approached this problem with the ab initio UHF
methodology and the THT cluster. Minimal basis sets®?
were used for Si and H. The basis set for T1 was adapted
from functions determined by Hansen and Marynick.33

Initially, interstitial H was restricted to motion along
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spin=0.708." \ (0.258)
7 [T os18
0.321 (-0.286) g=-0212
(-0.240) spin = -0.055
0.435
_(0.398)
‘I
q=0.270
spin = 0.020
(0.605)
(b)
™
q=0.104

0.817
(0.481)

q=-1.099 -
spin = 0.135 (r

spin = 0.151

0.630
(0.225)
ll‘ ~‘]
Si ) q=0.116
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FIG. 2. Substitutional Ti® with interstitial H. (a) H near
the BC site (Ti-H=1.28 A, Si-H=1.46 A). (b) H at the AB
site (Ti-H=1.61 A, Ti-Si=2.47 A). ¢ is the (Mulliken) charge,
“spin” is the atomic spin population, and the pairs of num-
bers are the degrees of bonding (Ref. 28) (upper number) and
the overlap population (lower number in parentheses). Con-
figuration (a) is 1.37 eV lower than configuration (b).
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the C3 axis (the <111 > crystallographic direction) which
connects the two T sites via the H site. The Tit was left
at the T site throughout. A net triplet state was formed
by combining the three spin-up Tit electrons with a spin-
down H electron. The quintet state (with a spin-up elec-
tron contributed by H) was also calculated for several
points and found, as expected, to result in a repulsive
interaction. The quintet was also used subsequently to
compare the large-separation behavior of the quintet and
triplet states.

Figure 3 shows the potential energy surface for the H
atom as noted above. The minimum occurs for a Ti-
H separation of 1.66 A. There is a shoulder near the T’
site which is the remnant of the energy minimum that H
would experience without the presence of the Tit ion.
The dashed line is an approximation of the diffusion
path?® of H without Tit. From this, we obtain a first
estimate of at least 2.20 eV for the dissociation energy of
the Ti*t-H bond in Si.

In a UHF calculation, the spin-up and spin-down or-
bitals are optimized separately. As a result, the expec-
tation value < S? > usually exceeds somewhat s(s + 1),
and the wave function is not an exact eigenfunction of
S?) although it is an eigenfunction of S,. The differ-
ence < S?2 > —s(s + 1) is called “spin contamination.”
In most situations, it is small and UHF results are in
good agreement with those obtained using much more
expensive wave functions, such as restricted open-shell
Hartree-Fock, which are true eigenfunctions of S, and
S?. However, a large spin contamination may reflect a
dubious value of the total energy.

In our case the contamination in the vicinity of the
minimum is slight: 2.07 versus an uncontaminated value
of 2.00. At the minimum, the wave function is very close
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FIG. 3. Potential energy surface for H displaced along the
T-H-T axis towards interstitial Ti* (solid line) and estimated
surface for H diffusion without Ti* (broken line). The H site
is at 1.176 A, and the T sites are at 0 (location of Tit) and
2.352 A.
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to an exact triplet, as would be found in a more rigorous
multideterminant calculation. As the separation between
Ti and H increases, the contamination quickly balloons
(reaching 2.87 at 2.35 A) as the individual identities of
the two species begin to emerge. In order to estimate the
reliability of our energetics in this situation, we checked
the value of the energy of the separated Ti* and H species
by comparing the asymptotic values for both the triplet
and quintet spin states. At large distances, the two con-
figurations should become degenerate, and this is indeed
what happens. For the Ti*-H separation of 3.3 A, the en-
ergy splitting between the two spin states is only 0.02 eV,
in spite of the large spin contamination. This is a strong
indication that the dissociation energy is a much better
value than the amount of spin contamination might at
first suggest.

The same spin contamination behavior is observed
when the H atom is moved off the <111 > direction along
another trigonal axis. At a further H site, although the
triplet state is contaminated, the triplet-quintet energy
difference is only 0.07 eV. Thus, the energy difference be-
tween the minimum in Fig. 3 and the adjacent H site is
2.20 eV, with an uncertainty of the order of 0.07 eV (2.20
eV is a lower limit).

To get an even better estimate of the bond energy,
we repeated the previous set of calculations in a cluster
where the ten Si atoms near the Tit ion were allowed to
relax. The relaxed separations were found in the course
of determining the diffusion barrier for Tit (see above).
The NN distance was found to increase from 2.352 to
2.421 A and that of the NNN from 2.715 to 2.784 A. All
the relaxations were performed by moving radially out-
ward from the Tit center. The equilibrium Ti*-H bond
length decreases very slightly to 1.65 A. The dissocia-
tion energy of the Tit-H bond increases after relaxation
to 2.31 eV, with the triplet-quintet energy difference at
0.06 eV.

In both the relaxed and the unrelaxed cases, there is
significant overlap between Tit and H. Upon bonding,
the tp state of Ti* splits into e (two spin-up electrons)
and a (one spin-up electron) states. The electron from H
ends up largely in the a state as the spin-down member.
At the relaxed minimum, the e states have energies of
—0.412 a.u, the a spin-up state lies at —0.381 a.u. and
the down-spin state at —0.388 a.u. The smallness of this
discrepancy is another indication of the high purity of
the triplet state. The Tit ¢, state (with no H in the
neighborhood) has an energy of —0.400 a.u.

Pearton, Corbett, and Shi®* have compiled a table
of estimates of dissociation energies of hydrogen from a
number of deep level impurities. Our values lie within
their range of 1.5-2.5 eV.

D. Interactions of interstitial Cu with H

The interactions between interstitial Cu and intersti-
tial H were obtained in the T4 cluster after performing
preliminary runs in the smaller THT cluster. Cu was
first placed at a T site and H was allowed to move from
the nearest T site towards Cu, towards other sites in the
cluster, and, in the case of Cu¥, to “infinity” (far outside
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the cluster). In order to investigate the behavior of the
{Cu,H} pair, both atoms were allowed to move.

Cu™ does not form a bond with H in Si. In the lowest-
energy configuration, both atoms remain fairly close to
their respective T sites. After optimization, the Cut-H
separation is 2.193 A and the degree of bonding is 0.05,
which is effectively zero. The copper ion overlaps with
its S1 NN’s and NNN’s, but not with H. Further, it costs
1.55 eV to take H far outside the cluster and place it at
the most favorable site near Cut. This is 0.35 eV more
energy3® than is required to place H at a T site without
Cu? in its vicinity. This is a clear indication that the
H-Cu® interaction is repulsive.

For completeness, we also checked the possibility that
Cu® might form a bond with H. In this case, geometry
optimizations show that Cu® moves away from the T site
towards H and does indeed form a covalent bond with
it. Cu® moves along the trigonal axis, away from one
of its S1 NN’s; and reduces its overlap with this atom.
Cu® ends up almost at the H site, while H remains very
close to its T site. The Cu-H bond is poorly formed. The
degree of bonding is 0.69, which is substantially less than
a two-electron covalent bond.

IV. DISCUSSION

We have studied the diffusion barriers of interstitial Ti
and Cu in crystalline Si, their interactions with H, and
the interactions between substitutional Ti® and H. All the
calculations used minimal basis sets with fixed contracted
double-zeta 3d orbitals on Ti. The barriers for diffusion
of the interstitials were obtained using the method of
PRDDO to allow the study of cluster size effects. These
effects are small, as indicated in Table I (compare the
unrelaxed barriers). Further, we investigated lattice re-
laxation effects (first and second NN’s) around Ti, and
found these effects to be large. The interactions between
substitutional Ti° and H were obtained at the ab initio
UHF level.

The calculated barriers for diffusion reflect the trends
observed experimentally, with a very low barrier for Cu*
(0.24 eV) and very high barriers for Ti® (2.25 ¢V) and
Tit (3.29 eV). The large difference between the barriers
for the triplet Ti® and the quartet Ti* are explained by
the difference in shape of these species at the i site (Ti+
is almost spherical while Ti% is much more elongated)
which in turn is caused by the way the 3d orbitals of
Ti are populated along the z direction. In addition, the
spin density of Ti® is much more delocalized at the H
site than that of Tit.

Our calculations show that interstitial Cu* does not
form a bond with H and that the two species tend to avoid
each other in the perfect lattice. Of course, this does not
imply that both impurities cannot be found interacting
with a defect. On the other hand, Cu® forms a hydride
in Si, but the Cu-H bond is weak.

Substitutional Ti° is a strong trap for H, which bridges
one of the four Ti-Si bonds. Hydrogen is more stable
there by 1.84 eV than far outside the cluster containing
substitutional Ti% This center is not expected to be
electrically active.
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The interactions between H and interstitial Tit show
that the two species form a covalent bond, provided that
they can reach their respective bonding locations.

We are drawn back to the original question: Why does
hydrogen not passivate interstitial titanium? The results
of this work indicate that Tit and H will form a strong
bond. The formation of a bond seems to have been the
most common computational criterion for determining
whether shallow acceptors or donors (B and P in par-
ticular) are being passivated by H. This criterion may
not be useful for judging the activity of TM’s. It may
be necessary instead to study what happens to the deep
levels of Tit as H atoms are added, by accurately calcu-
lating the energy levels of the various charge states for
each of the general complexes P[(TM)H,]™, where TM is
the transition-metal atom, H is hydrogen, p is the state
multiplicity, n can range from 1 to 4 (there being only
four T-H-T approaches), and m is the charge state.

Why consider the general complex P[(TM)H,]™? For
substitutional B and P, the valence differs by only +1
from that of the host Si atoms. In the case of Ti and
other 3d TM’s which tend to occupy interstitial sites,
there are multiple unpaired electrons, partially filling a
t2 and/or e levels deep in the gap. It may well be that
some TM’s cannot be passivated unless two, three, or
even four hydrogens are bound to them. Then, the ap-
propriate strategy may no longer be to simply determine
if a single H will bind to the TM, but to learn if there is a
sufficient thermodynamic driving force to attract enough
H interstitials to completely passivate the defect by filling
up all the gap levels.

There are a large number of unknowns in the study
of passivation. Although we have demonstrated that at
least one H will form a strong bond with interstitial Tit
at a T site, this is not sufficient to passivate all the Ti
deep levels. Further, it is not clear whether H can, in
fact, even reach the site where the bond forms. A cur-
rent theory3! suggests that although H diffuses mostly
as H? at low temperatures, via interstitial 7-H-T paths,
it spends a certain amount of time at BC sites as Ht.
Could that be responsible for a long-range repulsion that
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simply keeps H away from Ti*, even though the trap is
locally deep? The two TM’s to the right of Ti in the Pe-
riodic Table are V and Cr. Vanadium is not passivated,
but chromium is partially passivated.3* Vanadium has
been observed as V2t and chromium as both Cr* and
Cr® (Ref. 35). If it is Cr® that is passivated while Crt
and V2% are not, there is at least some possibility that
the idea of a long-range repulsion is correct. It would be
useful if experiment (such as infrared absorption) could
determine whether H does or does not form bonds with
any of the 3d TM’s, independently of whether passivation
occurs or not.

In the meantime, theorists can continue to investigate
this question computationally. The study of the series
of general TM complexes P[(TM)H,]™ (see above) in Si
should teach us much about the nature of passivation.
These investigations are quite involved, due to the com-
plexity of the electronic structures and the large number
of possible spin multiplicities for each charge state, as
well as to convergence problems which often occur when
dealing with TM’s in general.

While many questions remain unanswered, we have
demonstrated that — given the chance — interstitial ti-
tanium forms a bond with hydrogen and that this bond
is strong. The energy for the interaction between sub-
stitutional Ti® and H at a BC site is —1.85 eV relative
to H outside the cluster, and our best number for the
dissociation energy of the interstitial {Ti,H}* complex is
2.31 eV. On the other hand, interstitial Cut repels H.

We have presented theoretical numbers for the inter-
actions of Ti and Cu with hydrogen in Si, and for the
diffusion barriers of Ti% Ti*, and Cu*.
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