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Interstitial 0 in Si and its interactions with H
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Interactions between interstitial H and interstitial 0 in crystalline silicon have been studied at the
approximate ab initio (parameter-free) Hartree-Fock level in three clusters containing 5, 26, and 35
host atoms, respectively. The key results are (1) no configurations with significant 0—H bonding
are energetically favorable and (2) the activation energy for diffusion of interstitial 0 is considerably
lower when H is present than when it is not. It is estimated that H enhances the diffusivity of inter-
stitial 0 by several orders of magnitude. The results provide insights into the interpretation of the
recently observed enhancement by atomic hydrogen of the rate of formation of thermal donors in

silicon.

I. INTRODUCTION

Oxygen is one of the most studied impurities in crystal-
line silicon. It is found in concentrations of the order of
10' cm in Czochralski (CZ) -grown samples. As an in-
terstitial impurity, 0 forms a bent-bridged bond between
two Si host atoms. The Si—0 stretching vibration has
been identified as the famous 9-pm ir absorption band, '

and interstitial 0 (0, ) is nearly free to rotate around the
(111)axis. The Si—0 bond length and Si—0—Si bond
angle are estimated ' to be about 1.6 A and 160', respec-
tively. Stress-induced dichroism experiments led to an
activation energy of 2.56 eV for 0; diffusion, with preex-
ponential factor Do=0 23 cm /s.. Very similar numbers
have been obtained by other groups. ' The equilibrium
configuration of 0; has been calculated at various levels
of Hartree-Fock (HF) theory.

Geometry optimizations were first performed in a
small cluster (OSi&H|2) at the ab initio HF level with a
split-valence (3-216) basis set. In this cluster, the central
Si atom is surrounded by four SiH3 groups. The in-
clusion of 0; results in a bent Si—0—Si bond. Because
of the small size of this cluster, the two Si nearest neigh-
bors (NN) to 0,. are unequally displaced: One of them re-
laxes against three Si NN's by 0.43 A, the other against
three H saturators by 0.26 A. The calculated Si—0 bond
lengths are 1.588 and 1.598 A, respectively. The transi-
tion point for 0; diffusion, assumed to be a "split-(100)"
(also called "ylid") configuration, was calculated9 to be
only 2.84 eV above the equilibrium structure. This bar-
rier drops to 2.39 eV when corrections for electron corre-
lation are included up to MP3 (third-order Manlier-Plesset
perturbation expansion). These values for the activation
energy of 0; are remarkably close to the experimental
value of 2.56 eV.

Other calculations' at the HF level, with a minimal
basis set, have been performed for 0; in SisH&8. This
cluster is symmetric around the center of a Si—Si bond.
Each of the central Si atoms is connected to three SiH3
groups. The calculated geometry is the one expected,
with an optimized Si—0 bond length of 1.62 A, and a

Si—0—Si bond angle of 162'. The Mulliken charge on
the 0 atom is —0.89, the positive charge being equally
distributed on the two Si NN's. This leads to a rather
large dipole moment for the defect. Finally, Snyder
et al. " studied the potential-energy surface (PES) for up
to four 0 interstitials in a much larger cluster (Si~7H6o)
with the semiempirical MINDO/3 (modified intermedi-
ate neglect of differential overlap) method and a very
carefully selected parametrization. Even though the opti-
mized Si—0—Si bond was linear, the calculated barrier
for diffusion of 0; via the "ylid" configuration was only
2.49 eV, i.e., slightly lower than the experimental one.

The activation energy of isolated 0; is much too high
to explain the rate of formation of oxygen-related
thermal donors (TD's). ' ' There are at least nine dis-
tinct double donors' which form sequentially during
heating. The initial formation rate is proportional to the
fourth power of the 0; concentration, and the kinetics
implies an activation energy of only 1.7 eV (Refs. 14—17).
This led to a number of suggestions, ' ' one of which be-
ing that oxygen dimers, rather than 0; alone, are the fast
diffusing species responsible for TD formation. Assum-
ing that dimers are formed, Snyder et al. "have calculat-
ed that at least two configurations involving a pair of ox-
ygen interstitials bound to the lattice can be stable: a Cz,
di-interstitial, and a four-membered structure combining
two 0 and two Si atoms. The activation energy for the
latter configuration was shown to be less than 1.36 eV at
the MINDO/3 level. This led to an estimated"
diffusivity for the dimer at 450'C some 10 times larger
than that of 0;. However, the rate of TD formation still
is limited by the rate at which individual 0 s can diffuse
and form dimers (for a discussion, see Ref. 13).

The formation kinetics of TD's depends upon the his-
tory of the sample. In particular, the presence of some
impurities enhances the rate at which TD's are generat-
ed. For example, transition metals enhance 0, diffusion'
and TD formation. ' However, it has recently been ob-
served that atomic hydrogen dramatically enhances
the rate of TD formation over conventional furnace an-
neals by factors of 6 (at 400 C) up to 400 (at 300'C). The
observed correlation between the enhanced rate of TD
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production and the rate of loss of 0 s is the first direct
evidence that the rate of TD formation is controlled by
the rate of diffusion of 0;. The results show that H—
which is known to diffuse rapidly in Si at 400 C—
somehow acts as a catalyst of the 0;-to-TD reaction.
For this to be true, one needs to assume that interstitial
H undergoes a long-ranged attraction towards 0;, and
ends up being in its immediate neighborhood. This as-
sumption is supported by results of muon-spin rotation
(pSR) and positron blocking (from muon decay) experi-
ments in fioat-zone (FZ) and CZ silicon. In FZ sam-
ples, and for a wide range of dopant concentration, three
signals are observed: p+ (which could be a bare muon or
a negatively charged muonium atom, Mu, and is not
paramagnetic), Mu (believed to be at or close to the
tetrahedral interstitial site), and Mu* (bond-centered
muonium: see, e.g. , Refs. 28 —30). The latter two signals
correspond to paramagnetic species. The formation
probabilities of p+, Mu, and Mu' are about 7%, 60%,
and 35%, respectively (these are average values: see Ref.
27, p. 109, for error bars and details). However, in CZ
samples, the p+ and Mu signals completely disappear,
while Mu* remains unaffected. Blocking patterns indi-
cate that the trapped Mu is located at T sites "presum-
ably neighboring" 0;. Finally, several ir absorption
peaks (2191, 2123, and 1894 cm ') corresponding to
Si—H stretching vibrations have been observed to be ox-
ygen related. ' This also suggests that H is very near 0;
in c-Si. A long-ranged attractive interaction between H
(and/or H+ ) and 0; could be the result of the significant
strain induced by 0, in the lattice, and/or to the large di-

pole moment of the Si-0-Si defect. In the former case, H
might be attracted to any locally distorted regions of the
crystal, such as bond-centered H or H-passivated
dopants. As a result, the concentration of isolated inter-
stitial H would be very low in all but the purest undoped
samples.

In the present contribution, the interactions between
0; and a single H interstitial are studied. It is assumed
that H is in the immediate neighborhood of 0;. Various
0—H bonded configurations are considered, and the bar-
riers for 0; diffusion with and without H calculated. In
the following section, the details of the calculation are
given. Section III contains the results and their implica-
tions are discussed in Sec. IV.

II. DETAILS OF THE CALCULATION

Most of the calculations were performed with the
method of partial retention of diatomic differential over-
lap ' (PRDDO) in two clusters: Si26H3O and Si»H36.
PRDDO is an approximate ab initio HF method which
calculates (or approximates) all of the two-electron in-
tegrals with the exception of those of the form
(g;,gj. ~gk, gt) when the orthogonalized atomic orbitals

and gt are on diferent centers. Because
PRDDO uses Lowdin-ortho gonalized orbitals, these
four-center, two-electron integrals are very small and
therefore neglected. This reduces the N problem to an
N one (N is the total number of orbitals) and introduces
small and systematic errors relative to ab initio calcula-

tions. These errors are corrected at the Fock matrix
level. Thus PRDDO reproduces consistently and accu-
rately the results of minimal basis set ab initio HF calcu-
lations at a fraction of the cost without introducing sem-
iempirical parameters. The method has been extensively
tested. Because PRDDO uses Slater orbitals rather
than linear combinations of Gaussians, the tails (and
cusps) of the orbitals are quite realistic, and the
geometries optimized at the PRDDO level usually are
closer to experimental values than all but the most so-
phisticated ab initio HF calculations.

Even though the rninirna of a PES usually are accurate-
ly described, the relative energies of transition points may
be overestimated. There are several reasons for this.
First, PRDDO is a minimal basis set method. The use of
split-valence or polarized basis sets to describe transition
states is desirable. Second, while exchange is fully ac-
counted for, electron correlation is not included, except
for the antisymmetry of the wave function. The effects of
correlation often are more important for transition states,
where bonds generally are longer and weaker, than for
equilibrium configurations. In the case of 0; alone, the
calculations were performed using a closed-shell restrict-
ed HF (RHF) wave function. The results involving 0,
and H in the same cluster were obtained with an unre-
stricted open-shell HF (UHF) wave function.

The clusters chosen are large enough to allow lattice
relaxations to be included while minimizing the number
of displaced host atoms which are connected to a surface
H saturator. In the calculations involving the transition
point of 0; in Si26H3o only one of the Si atoms relaxed is
connected to a surface saturator, and this relaxation does
not greatly affect the host-saturator bond length. The
cluster Si35H36 is centered at a Si atom site and contains
five host atom shells. The smaller cluster, Siz6H30, is a
fraction of the former one. Several calculations at the ab
initio HF and PRDDO levels were performed in Si&H]2.
However, this cluster is too small to provide insights into
the situation under consideration here (0-H interactions).

III. 0 and 0-H INTERACTIONS

A. Interstitial 0
The equilibrium geometry of an 0; calculated with

PRDDO is similar to that obtained by other groups. '
0; forms a bent-bridged bond between two Si host atoms.
The calculated 0—Si bond length and Si—0—Si bond
angles are 1.566 A and 163.8', respectively. This corre-
sponds to a relaxation of the Si—Si bond by almost 32%.
This is slightly less than the relaxation required to accorn-
modate bond-centered hydrogen (39%), which forms a
straight-bridged bond. As noted by other groups, ' the
Mulliken charges are about —0.81 on 0, and +0.42 on
the two Si NN's. While bond-centered H forms a three-
center two-electron bond, 0, forms a three-center three-
electron bond by capturing some of the electron density
from the six Si NN's to Si second NN bonds.

The transition point between two adjacent (bent)
bond-centered (BC) sites for 0,. is assumed to correspond
to a ylid configuration with C2, symmetry. "" At this
site, 0 and one Si atom lie along the (001) direction and
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are each threefold coordinated as shown in Fig. 1(a). The
positions of all six atoms nearest to the center of the com-
plex (0, Si, and their Si NN s) were optimized. At the
PRDDO level, the difference in energy between this tran-
sition point and the equilibrium configuration is 4.09 eV.
As discussed above, PRDDO should overestimate the
barrier height in the present case for the following
reasons: (1) it is a minimal basis set method (see Ref. 36
for a discussion and examples of basis size effects on
potential-energy barriers), (2) electron correlation tends
to lower the energy of transition states more than that of
ground states (this is documented in the case of 0; ), (3)
it cannot be ruled out that the true transition state corre-
sponds to a geometry with symmetry lower than the one
considered here, and (4) the electronic configuration of
the transition state can only be approximately described
by a RHF wave function (the electrons are paired in dou-
bly occupied molecular orbitals, which restricts the
configurations available). A better description would be
provided with a restricted open-shell HF wave function
with several open shells. Such wave functions are not yet
available in PRDDO. Therefore the PRDDO barrier
should be too large in this particular case. However,
with the PRDDO geometries in the cluster OSi&Ht2, ab
initio HF calculations with a split-valence (6-316) basis
set predict a barrier of 2.48 eV, in close agreement with
experiment as well as the activation energy reported in
Ref. 9.

B. Activation energy with H

We now assume that interstitial H is in the immediate
neighborhood of 0;. This assumption is based on a
variety of (indirect) experimental informa-
tion ' ' ' as discussed in Sec. I. If H is placed at
various T sites nearest to the bent Si—0—Si bond, 0,. ro-
tates around the ( 111) axis to a configuration where 0
points away from H. The maximum rotation by 180'
monotonically lowers the energy by 0.04 eV:

-0.04 eV

From this configuration, if the positions of H, 0, and the
two Si NN's to 0 are optimized, H moves by 0.24 A to-
wards the BC site as shown in Fig. 2(a). This
configuration is a local minimum of the PES and defines
the zero of the energy in this paper (E =Eo). Then, 0, is

displaced towards another nearest bond-centered site in
the I 110I plane as shown in Fig. 2. At each intermediate
step, the coordinates of H and all the Si atoms shown in
Fig. 2 were optimized. The search for a transition point
was therefore restricted to the [110] plane. The new

(b)

FIG. 1. Qualitative comparison between the transition points
for 0, diffusion without H (a) and with H (b). The shaded cir-
cles are host Si atoms, the dotted circle is 0, and the solid circle
is H. The thickness of the bonds is proportional to the amount
of overlap between two atoms. The curved arrows show the
path of 0, from one equilibrium site to the next. In order to
simplify the figure, only the central Si atom is shown displaced.
A quantitative representation of the transition point in (b) is dis-
cussed in the text and shown in Fig. 2(b).

transition point is shown in Figs. 1(b) and 2(b). The 0
atom is very close to the C site, and H essentially forms a
single bond with the Si atom nearest to 0. This transi-
tion point is only 1.25 eV above Eo. As can be seen in
Figs. 1(b) and 2(b), 0 is twofold coordinated and the
nearest Si atom is fourfold coordinated (to two Si atoms
not shown in the figure, to 0, and to H). This contrasts
with the ylid transition point for 0 without H [Fig. 1(a)],
where 0 and the nearest Si atom each are threefold coor-
dinated. Figure 2(c) shows the final configuration with 0;
at another equilibrium site and H very close to the BC
site. The energy is Eo —0.66 eV. During the entire pro-
cess, no 0—H bond is formed.

It should be emphasized that the 1.25 eV barrier is an
upper limit to the true barrier height. Even though a
UHF wave function was used (the spatial orbitals for
each spin direction are independent), this is a minimal
basis set calculation with no corrections for electron
correlation. Both large basis sets and electron correlation
corrections tend to lower potential-energy barriers. Fi-
nally, the search for the transition point was limited to
the I 110] plane. However, the calculated energy
difference between configurations 2(a) and 2(c) is much
more reliable since it results from the comparison of two
minima of the PES rather than of a minimum and a sad-
dle point. In any case, an upper limit of 1.25 eV to the
activation energy for 0, diffusion in the presence of H is
lower by a factor of 2 than even the experimental value
of the activation energy for 0; alone (2.56 eV).

C. Other configurations

Two other configurations combining 0 and H have
been investigated. First, the threefold-coordinated inter-
stitial 0
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Do =R~ =4nr NiiD„(cm /s),
6 6

(2)

where d is the net displacement of 0; (calculated here to
be 2.07 A) and 6 is a geometrical factor for interstitials
diffusing in the diamond lattice. Assuming a capture ra-
dius r, =5 A and Nz =10' cm (see Refs. 42 and 43),

bond-centered sites, corresponds to an energy 0.66 eV
lower than the initial one (H near the T site and bond-
centered 0). In the case of interstitial H in an otherwise
perfect Si crystal, PRDDO calculations predict that H
at the T site must overcome a 2.0 eV barrier to get to the
(stable) bond-centered site. The presence of 0, therefore
makes it easier for H to get to the BC site, while the pres-
ence of H makes it easier for 0, to diffuse. This is be-
cause the new transition point [Figs. 1(b) or 2(b)] is very
different from that of the T~BC transition for H alone
(Ref. 28) and of the BC~BC transition for 0 alone [Fig.
1(a)].

Second, there are no configurations involving covalent
bonding between 0 and H that are energetically favor-
able. In Si, 0 is more likely to form bonds with the host
than with H. This appears reasonable in view of the fact
that the 0—Si bond strength is greater than the 0—H
one. For example, in diatomic molecules, the bond
strengths are 8.29 eV for SiO and 4.43 eV for OH, and in

HOSi(CHi)~ and HSi(CHi)i, the 0—Si and H—Si bond
strengths are 5.55 and 3.92 eV, respectively. Therefore,
the assumption that an intermediate OH species is in-

volved in the enhancement by H of the rate of TD forma-
tion is not supported by the present calculations. It
should be noted that a recent calculation reported the
possibility of 0-H pairing in the 0-vacancy complex (A,
center ). In this configuration, however, 0 forms
longer and weaker bonds with Si than 0; does.

An estimate of the diffusivity of 0, induced by H has
been proposed by Seager: ' The rate of arrival of H inter-
stitials at an 0; site is

Rit 4rrr, NiiDi—i (s '),
where r, is the capture radius of H by 0;, Ez the concen-
tration of H, and D& the diffusivity of interstitial H. As-

suming that 0; performs a jump every time H is in its
neighborhood, the resulting induced diffusivity of 0, is

given by

we get Do =4. 5 X 10 D&. A variety of values for the
diffusivity of H at the temperatures relevant in the
present study have been reported in the literature (for a
recent review, see Ref. 24). However, the use of extrapo-
lations to low temperatures of the high-temperature
diffusivity of Van Wieringen and Warmoltz is strongly
supported by a number of recent studies. " ' ' I will
therefore use Dies=9. 4X10 exp( —0.48/kT) cm /s. At
400'C, Dz =2.4X 10, and D& =1.1 X 10 ' cm /s.
Without the presence of H, the diffusivity of 0; is given
by 0.23exp( —2. 56/kT). This is 1.6X10 at the same
temperature. Thus the net enhancement of the diffusivity
of 0; due to H is of the order of 6.8X10 at 400'C. At
300'C, the enhancement is 3.5X10 . Such an enhance-
ment of the diffusivity could directly contribute to TD
formation. But it is likely that the immediate conse-
quence is an enhancement in the formation rate of oxy-
gen dimers if this formation is energetically favorable.
Two configurations involving a pair of 0 interstitials
bound to the lattice have been proposed as the fast
diffusing species responsible for TD formation with an
activation energy of 1.7 eV (see Refs. 9 and ll). In this
case, H would only indirectly enhance TD formation.

Finally, the results of the present calculations are con-
sistent with pSR and positron blocking experiments
which show that both p and Mu species disappear from
the spectrum in the presence of 0, while the bond-
centered species, Mu*, remains. However, detailed ex-
perimental data regarding the microscopic mechanisms
involved in the H-enhanced formation rate of TD's and
0-H interactions still are missing. The model proposed
here is (qualitatively) consistent with the limited experi-
mental information available, but is not necessarily
unique. Further studies are needed to confirm (or re-
place) this model.
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