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Hyperfine Interactions of the PI, Center at the Si02/Si(111) Interface
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Multiple-scattering Xa results are reported which show that spin polarization must be included to
obtain a detailed understanding of the hyperfine spectra of the Si dangling-bond Pb defect at the
Si02/Si(111) interface. The largest superhyperfine interaction is found to be produced not by the
trivalent Si atom's nearest neighbors as has been commonly assumed, but by three second-nearest neigh-
bors located behind the defect in bulk c-Si. Our Pb-center results support the threefold-coordinated Si
model for this defect; they also suggest a straightforward interpretation of recent ESR data on the dom-
inant paramagnetic center in a-Si:H.

PACS numbers: 73.40.Qv, 31.30.6s, 73.20.Hb

The Pb center at the Si02/Si(111) interface is among
the most important and thoroughly characterized in-
trinsic defects in metal-oxide-semiconductor devices. '

Definitive data on the nature and environment of this de-
fect have come from ESR experiments. The mea-
sured g tensor and hyperfine interactions have been used
to identify the Pb center as a Si atom backbonded to
three c-Si atoms, with a dangling bond pointing in the
Si-substrate (111) direction. These results have also
been used as benchmarks for discussing other possibly
threefold-coordinated Si defects, such as the D center in

hydrogenated amorphous Si (a-Si:H).
Sophisticated modern magnetic-resonance techniques

have been applied to the PI, center, but theoretical
analysis of the experimental data has so far been
confined to parametrized models that do not allow direct
calculation of the hyperfine tensors. The most widely
used such interpretative tool is the localized hybrid-
orbital model. ' Although this model neglects core and
valence spin polarizations, it has been notably successful
in associating the principal axes of defect g and hyperfine
tensors with local coordinate axes and identifying large
local bond-angle changes (rehybridizations) at Si dan-
gling-bond atoms. We show below, however, that spin-
polarization eftects play an essential role in an under-
standing of the superhyperfine spectra of the Pb center.
The importance of spin polarization has long been recog-
nized in other contexts, such as proton hyperfine interac-
tions in organic n radicals" and Fermi-contact couplings
at transition-metal nuclei. ' More recently these eAects
have also been found to be important in the description
of transition-metal impurities in silicon. ' Nevertheless,
the importance of spin polarization has not been appreci-
ated sufficiently for the intrinsic defects in silicon and sil-
ica. Our results show that when polarizations are includ-
ed, the threefold-coordinated Si model for the Pb center
accounts in detail for the hyperfine and superhyperfine
spectra of the defect. These results therefore provide
strong evidence in favor of this model of the Pb center.
Our calculations also suggest that differences between
the Pb- and D-center hyperfine data can be naturally

reconciled without abandoning a threefold-coordinated
Si model for the D center.

Our conclusions are based on all-electron, self-con-
sistent, spin-unrestricted, multiple-scattering 4'a (MS-
Xa) ' ' results on cluster models of the P1, center. The
calculated hyperfine tensors include both valence and
core polarizations and take into account changes in the
atomic orbitals caused by perturbations from the host
environment. The MS-Xa method is particularly suit-
able for such a study. It is rapid computationally, so
that large model clusters can be examined. Also,
density-functional methods such as MS-La lead to gen-
erally good accuracy in the values of properties depend-
ing on the spin density (e.g. , as in recent discrete-
variation method-Xa calculations for the isotropic pro-
ton hyperfine coupling constants in organic n radicals). '

The largest cluster model used in these studies is
shown in Fig. 1. This 73-atom, 563-electron Si60~sH6/
Si22H2i cluster has C3,, symmetry about the z axis. The
Si(111) substrate is modeled by a Si22 fragment with all
bond lengths and bond angles held at their bulk c-Si
values' except at the threefold coordinated Si atom, Si'.
Hydrogen atoms saturate the unsatisfied Si bonds at the
exposed surfaces of the Si22 fragment to sweep them out
of the gap into the valence regions. These H saturators
are positioned along c-Si bond directions but the Si —H
bond lengths are set equal to 1.48 A, the experimental
bond distance in SiH4. '

The silica side of the interface is modeled by a puck-
ered, ditrigonal ring of six Si04 tetrahedra. Such rings
are common in the naturally occurring phases of sili-
ca. ' ' By adjustment of the dihedral angles of these
rings they can be fitted neatly onto a hexagon of Si(111)
surface atoms with very little strain in the connecting
Si—0—Si bonds. The local bonding around Si on the
oxide side of the cluster is kept regular and tetrahedral,
with Si —0 bond lengths fixed at the e-quartz value, 1.61
A. The spread of Si —0—Si angles in the cluster is
139 -151 —a very reasonable range. This silica cap
is terminated by six 0—H groups; all Si—0—H bond
angles are assumed the same as the Si —0—Si bond an-
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gle in a-quartz with the 0—H bond distance the same as
in H20.

The most important unresolved structural question
concerning the Pb center is what value to use for the
vertical reconstruction Az&;. of Si' from its tetrahedral
position along the z direction. Self-consistent semiempir-
ical and ab initio total-energy minimizations
agree that Azs; should be negative in the ESR-active
neutral charge state, but the calculated values appear
sensitive to the sizes of both the model cluster and the
basis set. Here we consider calculations at two geome-
tries: Azs; =0 4, which serves as a well-defined bench-
mark, and Azs, ,

= —0.09877 A, a representative recon-
structed value. All other cluster atoms are held fixed.

The basis set used in our calculations includes angular
functions up to 1=4 on the outer MS-Aa sphere, l =2 on
all Si, 1=1 on 0, and 1=0 on H. This constitutes a po-
larization basis on Si, and a minimum angular basis on
0 and H. The 0; values used are the atomic aHq from
the tabulation of Schwarz, with the exception of H,
where the spin-polarized value was used. ' The a for the
intersphere and outer-sphere regions in the MS-Aa
method were valence-electron weighted averages over the
atoms in the cluster. The results were checked to verify
that they were not sensitive to the particular choice of
the muffin-tin parameters.

The MS-A'a wave function for our Pb-center cluster
constructed from molecular spin orbitals t()„'P. Once this
and anisotropic, 2;j, hyperfine interactions for a nuclear c

Si

1I 0

FIG. I. Ball-and-stick model of the Si60(8H6/SiqqH2( P), de-
fect cluster showing the labeling scheme used in the text. The
sphere radii are in the same ratios as the MS-Ae radii but are
greatly reduced in size for clarity.

model is a spin-polarized, single-determinantal wave function
wave function is obtained self-consistently, the isotropic, a

enter N are computed directly from

and
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where g~ is the nuclear magnetogyric ratio g)v =p)v/1)v,

p and p~ are the Bohr and the nuclear magnetons, and

g, is the free-electron g value.
Models holding Si' at the tetrahedral position were

first studied both with and without the SiOq cap, to mea-
sure the efIects of the oxide on the hyperfine spectra of
the Pb center. When the cap is removed, the Si, 2 atoms
are saturated by H atoms as for the rest of the cluster.
The full cluster calculation showed that very little of the
Si' defect orbital, pd, delocalizes along the surface onto
the six Si,2 second-nearest neighbors or into more distant
regions of the cluster. Because of the very small amount
of pd amplitude and spin density in the silica cap and the
Si, 2 atoms bonded to it, the cap has only a small ef-
fect on the hyperfine interactions (cf. the unrelaxed
Si60|sH6/Si22H2( and unrelaxed Si22H27 columns in

Table I). In view of this result, we have used only the
smaller cluster for the relaxed Si' calculations.

As Table I shows, we find that the unrelaxed clusters

23rlv )vj (~(J~!v
( p

! produce hyperfine couplings at Si' which are too large
compared with experiment. This is what we should ex-
pect: As Si' relaxes downward toward the plane of its
three nearest neighbors Si, ~, the Si' s character of the
defect orbital is diminished and the isotropic hyperfine
coupling becomes smaller. With the relaxed value of
Azs;, our calculated a ' is reduced from —152.7 to
—128.6 6 while A„' is not greatly affected by the relax-
ation (—57.8 to —59.2 G). These relaxed values are in

very good agreement with experiment —closer agreement
would be fortuitous, given the uncertainty in hz&; and
the muffin-tin approximations inherent in the MS-Xe
method.

As expected, after Si', pd has its largest amplitude on
the nearest neighbors, Si, ~. Nevertheless, as reported in

Table I, we find a very small hyperfine coupling at these
sites. This result —although unanticipated in the Pb
literature —is consistent with well-understood spin-
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TABLE I. Model Pb-center hyperfine tensors (gauss). '

Si'

Si, l

Sib2

a
A„
a
A
g
gC

a
A, ,
g
gC

U n relaxed
si6oi s H6/»22H21

—151.94
—65.57

0.45
—2.33

0. 19
42. 1'
—9.67
—3.36

0.03
—3.5'

Un relaxed
St22H27

—152.73
—57.96
—0.17
—2.38

0.08
33.2'
—8.31
—3.04

0.03
—2.3'

Relaxed
S122H27

—128.62
—59.16

1.24
—1.64

0.09
33.6
—9.84
—3.12 J

0.03
—1.6

Expt. '
(+. )113+.7e
(+ )44+ 13'

+ 15e f

Calculated values of a are converted to gauss by use of a(G] =285.522gjv(6 (r~)) &[a.u. ] for nucleus

g 29S
—1. 1 10 52 (Ref. 32). The conversion factor for the anisotropic A tensor is smaller by a factor of

8z/3. The principal axes of A coincide with local coordinate axes only for Si'. For other atoms the principal
component of A is labeled by the coordinate axis with which it makes the smallest angle (primed subscripts).

The asymmetry parameter g =(2 II
—A22)/A33, where A;; denotes the principal-axis values in order of

I
increasing magnitude. For an axial tensor 8 I ~

=422 2 833 and g =0.
'Counterclockwise rotation angle about the axis out of the paper in Fig. 1 (the —J axis) required to bring

the local coordinate axes into coincidence with the principal axes of A.
4Reference 8.
'The sign of the hyperfine interaction is not directly measured by the experiments.
"Estimated from the figure in Ref. 8 (field along the (111)direction).

polarization eAects in the AH3 radicals. When 2 lies in

the plane of the H atoms, as in CH3, the defect orbital is

pure p-like and a negative spin density is induced at the
protons by polarization eAects. As A is raised into a
more pyramidal conformation, as in SiH3, positive spin
density is built in at the protons by direct overlap so that
the net spin density at the nucleus can pass through zero
and become positive. For Si, which has a negative value
of g29g. this corresponds to a &0 on Si, ~

in the planar

geometry and a & 0 for highly pyramidal geometries. At
values of Az&;. corresponding to moderately pyramidal
conformations the nearest-neighbor isotropic hyperfine
coupling is close to zero. The situation in the Pb center
is slightly more complex than this analysis implies, but
we see by comparing the unrelaxed and relaxed Si22H27
results in Table I that the net trend is the same as for a
simple 2 H3 system.

Because of the opposing eAects of direct spin delocali-
zation and induced exchange polarization, the nearest
neighbors of Si' cannot be the source of the large Pb
superhyperfine interaction that Brower observes (= + 15
G). It is the three second-nearest neighbors labeled
Sib2 in Fig. 1 that actually produce this interaction. '
All other atoms in the cluster are found to have much
smaller hyperfine couplings ((3 G) which should be

' buried under the wings of the central ESR line. As
reported in Table I, a " is —9.8 G: When the field
is in the - direction this is reinforced by the principal
component of the dipolar tensor A (—3. 1 G), giving a
net interaction of —13 G, close to the experimentally ob-

served coupling.
Subsequent to the completion of the theoretical calcu-

lations reported here, the superhyperfine ESR spectrum
of the Pb center in SIMOX (separation by implantation
of oxygen) material has been examined in detail by Car-
los. The magnitude of the isotropic coupling and the
size and orientation of the principal anisotropic com-
ponent in our theoretical Sib2 tensor all agree well with
these new experimental results. This good agreement of
our model calculations with experiment provides strong
evidence that the Pb center is in fact a threefold-
coordinated silicon, with the Si dangling bond pointing
into an Si02 microvoid; there is no need to invoke an
overcoordinated 0 atom to explain in detail the Si
hyperfine spectra of this defect.

Our findings for the Pb center are also important in
the interpretation of recent ESR hyperfine data of
Biegelsen and Stutzrnann for the D center in a-Si:H.
They found that the magnitude of the primary isotropic
hyperfine interaction of the D defect is only =70 G,
much smaller than the corresponding value in the Pb
center. This discrepancy has recently been used to ques-
tion the standard identification of the D center as a sim-
ple Si dangling bond. However, we see from the a
results in Table I that a large range of isotropic
hyperfine coupling will be covered as the trivalent silicon
atom is relaxed toward the plane of its nearest neighbors.
The most reasonable explanation of the smaller coupling
constant at Si' in the D center is simply that a more
nearly planar reconstruction at Si' is favored in the less
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constrained amorphous material than in the tetrahedral
c-Si lattice. Strong support for this view is provided by
the molecular radical Si[Si(CH3) 3]3. The experimental
magnitude of the major isotropic coupling in that radical
is 65 G, very close to the D-center value of 70 G.
These results then suggest that this diAerence between
the P~- and D-center hyperfine data can be understood
within the undercoordinated-dangling-bond model, with-
out our proposing alternative (overcoordinated) struc-
tures for the D center.
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