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The intensity of the 0 hyperfine spectrum associated with the Si- 70-2 Si isotopic con-
figuration of the vacancy-oxygen (Si-S1)center was enhanced by ion implantation of 0 into
silicon. The Si-Sl "0hyperfine spectrum was measured by electron paramagnetic resonance.
An analysis of the Si-$1 "0hyperfine spectrum indicates that the numerical values for the

-4 -i 4elements in the 0 hyperfine coupling tensor A are A = —11.5&x 10 cm, A~=-12. 90&& 10
cm, and A~~= —13.39 x 10 cm . The 0 hyperfine coupling tensor was analyzed in terms
of the admixture of oxygen-valence orbitals into the one-electron paramagnetic molecular
orbitals Xl(F~) and X4(I"4). In particular, only 4. 1% of (X&(1 &) (X&(I'&)) and 1.8% of (X4(r4) IX4(r4)&
are localized on the oxygen atom in this defect.

I. INTRODUCTION

The Si-$1 center has previously been identified
as the neutral charge state of the vacancy-oxygen
center in silicon in an excited triplet spin state.
It is the negative charge state of this defect which
gives rise to the Si-B1 spectrum. ' The molecu-
larlike structure of this defect is illustrated in
Fig. 1. The vacancy-oxygen center can be formed
in silicon which contains oxygen as an impurity
by irradiation with electrons, neutrons, or ions.

In electron paramagnetic resonance (EPR)

studies dealing with the electronic and molecular
structure of defects, the hyperfine interactions
play a very important role. Besides being able
to identify specific isotopes and imposing certain
constraints on the position of these isotopes in a
defect, the hyperfine interaction is analogous to a
projection operator which extracts from the para-
magnetic molecular orbitals the admixture of s-
and P-like orbitals localized on each site from
which a resolved hyperfine spectrum originates.
So far, the coupling tensors in the spin Hamil-
tonian which describe the Si-S1 fine-structure and
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FIG. 1. Structure of the vacancy-oxy-
gen center in silicon. In this schematic,
the oxygen atom is displaced along the
z axis from the tetrahedral site (origin
of XYZ). This distortion lowers the
symmetry of the defect from T„to C2,.
The allowed linear combinations of silicon
ligands y& and oxygen orbitals for these
symmetries are tabulated in Table III.
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Si hyperfine interactions have been determined. '
In particular, analyses of the Si hyperfine cou-
pling tensors have contributed information regard-
ing the admixture of 3s and 3P silicon valence or-
bitals localized on various silicon sites neighbor-
ing the vacancy-oxygen complex. ' The phenom-
enological description of the wave function deduced
from the Si hyperfine interactions does seem to
describe the spatial extent of the paramagnetic
electrons in the Si-S1 center reasonably well as
evidenced by the agreement between the measured
and calculated electronic spin-spin interaction.

The objective of the experiment described in this
paper was to determine the "Q hyperfine coupling
tensors and to deduce from the ' Q hyperfine inter-
action the admixture of 2s and 2P oxygen-valence
orbitals in the molecular orbitals describing the
paramagnetic electrons. The ' Q isotope is unique
to this study because it is the only stable oxygen
isotope with a nonzero nuclear spin (I= ~). On the
other hand, ' Q is only 0. 037% naturally abundant
so that the ' Q hyperfine spectrum is ordinarily
very weak and unresolved from the fine-structure
and Si hyperfine spectra. This difficulty has
been overcome by implanting ' 0 into silicon sam-
ples and thereby significantly enhancing the in-
tensity of the ' 0 hyperfine spectrum relative to
the fine-structure spectrum.

II. EXPERIMENT

The implantation of various ions into the samples
was achieved with an Accelerators Inc. machine.
The ion source consisted of a plasma generated
by rf excitation of an appropriate gas from which
ions were extracted and accelerated. Since ' Q
is only 0. 037% naturally abundant, a 100-cm am-
pule of oxygen gas enriched with 70%' 03, 10/p "0„
and 20/p' Qz was the source of oxygen for the 'VQ

implants. The desired ions were selected by
means of an R&&5 velocity filter. Usually the sam-
ples were implanted with 180-keV ' Q' ions.

The Si-S1 spectrum observed by EPR in silicon
implanted with "Q is shown in Fig. 2. Because
the ' 0 hyperfine and the nuclear Zeeman interac-
tions lift the sixfold degeneracy of the 0 nuclear-
spin states, the "Q hyperfine spectrum is charac-
terized by six nearly evenly spaced resonances.
Since the tail of the ' Q' ion-beam profile overlapped
the'70'ionbeam, some '60 (I=O) was also implanted
which accounts for most of the fine-structure spectrum
in Fig. 2. '

The EPR measurements were made with a K-
band superheterodyne spectrometer. The EPR
spectra were observed in the dispersion mode un-
der the following typical conditions: T,~», —15
to 25 K, Pm|~~~a~9=4 uW, Qgo~~d —5000 (TED|1
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FIG. 2. EI'R 0 hyperQne and
fine-structure spectra associated with
the Si- 0- Si and Si- 0- Si iso-
topic configurations of the Si-S1 center,
respectively. These spectra were ob-
served in a sample of n-type vacuum-
float-zone silicon implanted with 3 && 10i4
"0+/cm at 180 keV. As a result of
populating the triplet spin levels of the
Si-S1 center by light, a population in-
version is achieved so that these partic-
ular resonances correspond to emis-
sion transitions.
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cylindrical copper cavity), and Bg t, g gg=o. 5 Oe

at -100 Hz. Since the Si-S1 spectrum is observed
only under illumination with approximately band-gap
light, ' the sample was illuminated by means of two
subminiature lamps mounted in the wall of the
cavity. The intensity of the Si-$1 spectrum associ-
ated with the implanted oxygen was weak to very
weak. The signal to noise of the very weak spectra

I

was enhanced by signal-averaging techniques.

HI. ANALYSIS

A. Spin Hamiltonian

The general form of the spin Hamiltonian which
describes the '~O (I= g) hyperfine spectrum arising
from the Si-' 0- Si isotopic configuration of the
Si-S1 center is

Wa gg Pa gs

1x=—
2

Wa gs
t

Wa ga
tK

A)

K

t
Aq

Aq

Aq

2Q

In this spin Hamiltonian, H is the applied magnetic
field, 5~ and Sz are the electron spin operators,
and Tis the ' 0 nuclear spin operator. The spin
states are of the form IS&= ~, M&, S2= 2, M2, I
= —, , m). The coupling tensors, g~, gz, '7, K,
A, , A2, and Q, define the interaction between any
pair of the vectors 5, 5, , 53, and f. The elec-
tronic Zeeman interaction corresponds to the terms
ps H g~

' 5, + psH ~ gz 5), where ps is the Bohr
magneton (ps = 4. 6686 x 10 ' cm '/Oe); the nuclear
Zeeman interaction corresponds to the term
H y ~ T. The electronic spin-spin interaction,
which has previously been shown to be dominat-
ed by the magnetic dipole-dipole interaction,
is specified by a term of the form 5, K ~ Bz .
It is customary to separate this interaction into
its isotropic, traceless symmetric, and anti-
symmetric parts so that

Tensors

'0 hyperfine spectrum
Si- '0- Si configuration

General form of coupling tensors

g 0 0

&gg &gg

gag ~Eo

Egg ggg

TABLE I. Tabulation of the general forms of the
coupling tensors belonging to the spin Hamiltonian in Eq.
(1). For the 2 Si- 70- Si isotopic configuration, the re-
duced coupling tensors correspond only to the diagonal
elements of the general coupling tensors. The principal
axes are defined in Fig. 1 with respect to the vacancy-
oxygen center.

I, K S,=z8, 5,+ 5, D 5,+ 5,.a

where Tr(D) = 0. The ')0 hyperfine interaction,
which is of prime interest in this study, corre-
sponds to the terms 0, A, .T+ R~ Az T. Since I= -', ,
there is also an electric quadrupole interaction
which is specified by the term T Q T in Eg. (1).

The most general form for each of the coupling
tensors belonging to the Si-' 0-~ Si isotopic con-
figuration of the Si-S1 center was derived following
the group-theoretical method of Kneubuhl. 6 The
general form for each of these coupling tensors
is tabulated in Table I. These coupling tensors
are of such a form that nonzero matrix elements
exist between the triplet and singlet states. Since
the coupling between the singlet and triplet states
of this defect has previously been shown to be
negligible, additional constraints on the coupling
tensors can be introduced which reduce (S,= g, M, ;
S~—2) M2) I= ~ ) m !KIST—g) Mg) S2 ~) M2) I= p

m') to the pure triplet and singlet representations.
The reduced forms of the coupling tensors which

(K~ 0
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O K„
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TABLE II. Tabulation of the g, D, and A tensors associated with the Si- '0- 8$i isotopic configuration of the $i-$1
center. The principal axes for these coupling tensors are defined with respect to the defect in Fig. 1.

g tensor~
+ 0.0001

D tensor~
(in units of 10 cm )

+ 0.1

0 hyperfine tensor
(in units of 10+ cm ~)

+ 0.3

gee
2 ~ 0102p 2.00576

As
2.00757 204. 8p -438.3g

Dci
233.5&

A
—11.5g

A
—12.9p

Agg
13~ 3Q

accomplish this correspond only to the diagonal
elements of the general coupling tensors tabulated
in Table I.

8. Numerical Analysis and Results

From the analysis of the EPR spectrum arising
from the Si-' P- Si isotopic configuration of the
Si-S1 center, the numerical values for the g, , gz,
and D coupling tensors have been determined pre-
viously. ' Consequently only the numerical values
for the A&, A2, y, and Q coupling tensors in Eq.
(1) associated with the "O atom in the Si-Sl cen-
ter need to be determined.

The A, , A2, y, and Q reduced coupling tensors
are characterized by nine independent parameters.
The electric quadrupole interaction which is
specified by the Q tensor is expected to be small
(- 10 cm ') compared with the nuclear Zeeman
interaction (-10 cm '). Because the electric
quadrupole interaction is very weak, it has no
perceptible effect on the position of the EPR lines
in the ' 0 hyperfine spectrum. Since we are un-
able to deduce the numerical values for the Q
tensor from our EPR spectra, the Q tensor is
excluded from further consideration in this paper.

Although the nuclear Zeeman interaction is
small (- 10 ' cm '), it does have a perceptible ef-
fect on the position of the EPR lines in the ' O hy-
perfine spectrum. The splittings between the en-
ergy levels corresponding to the IS = 1, M = 0; I, m)
states arise in zeroth order from the nuclear Zee-
man interaction and in second order from the ' O
hyperf inc and electronic spin-spin interactions.
Furthermore, the perturbation on these levels
due to the nuclear Zeeman interaction is compara-
ble to the perturbation in these levels which occurs
if the sign of the A, and A~ tensors is changed.
Consequently, one can only be assured of deducing the
correct signs for the A& and A2 tensors providing
the nuclear Zeeman interaction is retained. Be-
cause the nuclear Zeeman interaction is weak and
is expected to experience practically no interaction
with the silicon lattice, the y tensor is taken to be
isotropic and equal to —p„/I, where g„=—1. 8930
p~'for "O(p„=2. 5427X 10 ' cm '/Oe).

Only three independent parameters which are
contained within the A& and A2 reduced coupling
tensors need to be determined. The numerical

values for the A, and A~ reduced coupling tensors
were determined by minimizing

2~& [ ~i, exyt ~i, cate (Hi, exyt ~ 8&, g, D, A» A» r)]
as a function of these three independent parameters
by a direct-search minimization procedure. This
analysis was carried out on 36 allowed ' Q hyper-
fine transitions for H parallel to the [001], [110],
and [110]directions. For positive A, and Az, the
standard deviation in the least-squares fit was
1.37X10 ~ GHz (-4. 9 Oe), whereas the standard
deviation in the least-squares fit for negative A,
and A2 was 8. 35x10 GHz (-0. 3 Oe). Since the
accuracy with which we can measure the absolute
magnetic field position of our resonances is +0. 3
Oe, this analysis indicates that the sign of the
A, and Az tensors is negative. The negative sign
of the A, and A2 tensors is also consistent with
the signs predicted by the hyperfine interac:ion
(see Sec. IIID). The numerical results of this
analysis are tabulated in Table II.

C. Electronic Structure

If the oxygen atom were at the origin of the xyz
coordinate system in Fig. 1, then the vacancy-
oxygen center would have T~ symmetry. The irre-
ducible representations within the group T„to
which the $2s, o 42&„,o Oat„o and g@, , o orbitals
localized on the oxygen atom and the various sili-
con ligands, y, (/= 1, 2, 3, 4), belong are tabulated
in Table IG. Although the order and energy split-
tings between these levels are unknown, one might
expect a relatively large energy gap between the
bonding levels (I", and I', ) and the antibonding
levels (I",~ and I'",). Furthermore, a I', state is
usually the lowest energy level of an atomic sys-
tem. A plausible energy-level diagram for the
vacancy-oxygen center having T~ symmetry is
illustrated in Fig. 3.

In the neutral charge state, the energy-level
diagram in Fig. 3 is occupied by 10 electrons. If
the 1",* is only partially filled, then according to
the Jahn- Teller theorem the vacancy-oxygen cen-
ter will be distorted from T~ symmetry to a lower
symmetry and energy, thereby removing the de-
generacy of the I', levels. The fact that the vacan-
cy-oxygen center has C~„symmetry rather than
T~ symmetry is consistent with the idea that the
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Irreducible Oxygen
Symmetry representation orbitals

4'2, o

Td

C2v

r4

42p o

4'2p, , o

42p„o

42., o

4~ o

4'2p. o

4'2p„,o

Silicon ligands

P1+ A+ P3+ P4

A- P4

P1+ P2 %3 V4

0i+ A
%3+ 0'4

P&- A

P4

oxygen atom is displaced along the z axis from
the normal silicon lattice site as illustrated in

Fig. 1. The fact that the vacancy-oxygen center
reorients spontaneously for temperatures ~135 K'
suggests that the splittings between levels origi-
nating from within the I, manifold may tend to be
comparatively small. Although the exact energy-
level splittings and the details concerning the or-
der of these levels are not yet known, some of
the more general aspects of the electronic struc-
ture of the vacancy-oxygen center are illustrated
in Fig. 3.

TABLE III. Classification of the oxygen-valence orbit;—

als and the silicon hybrid orbitals within the vacancy-
oxygen defect having (hypothetical) Td and (actual) C2„
symmetry. The x, y, z directions are defined with re-
spect to the crystallographic directions in Fig. 1.

and

X1 01,0( +042s, 0+ I 0((2ps, 0) +81,3(93+ 'P4)+ (4)

Q(X1, X2}= [X1(X1)X4(X2}—X1(X2}X4(X1)j/V 2 . (6)

The hyperfine interaction which describes the
magnetic interaction between two electrons and a
nucleus is

16m
36sF=

3 &2 I" ~ ~(rs)&2 &
A 1

C)

X4 )4,0(Ops, 0+ }4,3 (( 3 P4)+ ' ' ' (6)

respectively. The parameters g, & specify the
admixture of various hybrid orbitals belonging to
the I', representation at the lth site. This choice
of one-electron molecular orbitals is also con-
sistent with the isotropic character of the ' O hy-
perfine interaction (see Table II) which suggests
that one of the X's is partially s-like. Consequently,
the antisymmetric combination of one-electron
molecular orbitals which describes the paramag-
netic electrons in the excited triplet spin state is
of the form

D. ' 70 Hyperfine Interaction

The silicon ligand p, localized on the lth silicon
atom (I = 1, 2, 3, 4) in Fig. 1 can be expressed in
terms of normalized 3s, 3P hybrid orbitals of the
form

V'i=~i ass, ~+ PA'3p. s (3)

where Q'& and P& are parameters which define the
admixture of 3s and 3P orbitals at the 1th silicon
sites. The irreducible representations within the
group C&„towhich the $2, ,0, g», o, $»,0, and

tI)2p, o orbitals localized on the oxygen atom and the
various silicon ligands p, belong are tabulated in
Table III.

A previous analysis' of the Si hyperfine inter-
actions indicates that the two paramagnetic elec-
trons are mostly localized on a pair of silicon
atoms in the same (110}plane. For definiteness,
we choose these to be atoms 3 and 4 in Fig. 1.
Table III indicates that one-electron molecular
orbitals which transform as I', and I 4 can have
significant admixtures of y, and (4()4. The one-elec-
tron molecular orbitals which transform as I'1 and
I'4 can be expressed as

FIG. 3. Possible energy-level diagram of the neutral
vacancy-oxygen center in the diamagnetic (S=0) ground
state. In this energy-level diagram, a Jahn-Teller dis-
tortion lowers the symmetry of the defect from Td to C»
and lifts the degeneracy of the I"

5 levels.
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Pn p T'z' ~
+ p, g

&1
(7)

2 2
) 1 &0 oz

I Ized, o(0) I

22 2 22~1,0 PO
— ~4, 0 -3

A1y„=A2~,

Sm
B f l10 0 I fzso(0)

I

—2 2 2 2
~1zot 0 + 4~4zo ~-3 9

ln this expression, T, S„andK„arethe actual
nuclear-spin, electron-spin, and orbital-angular-
momentum operators; r~ is the distance between
the kth electron and the nucleus.

To a first approximation, the relationship be-
tween the ' Q hyperfine coupling tensors, A1 and

A2, and the parameters &0, po, $1,0', and p4 0

in y, and It4 [see Eqs. (4) and (5)] can be deter-
mined. In developing this relationship, one notes
that the orbital angular momentum of the Si-S1
center is very nearly quenched (as evidenced by
the value of the Si-$1 g tensor which is very nearly
equal to that of a free electron). Consequently,
the contribution to the ' Q hyperfine interaction
arising from the third term in Eq. (7), which ac-
counts for the magnetic interaction between the
electronic orbital and nuclear magnetic moments,
can be neglected. Under these circumstances,
the nuclear and electron-spin operators in Eq. (7)
correspond directly to those in Eq. (1). In order
to evaluate the matrix element (4'(x, , xz) IX»
&& I 4'(x„Xz})explicitly, we have neglected the contri-
butions in X, and X4 arising from the silicon ligands.
As a result of these approximations, the relation-
ship between the parameters in the one-electron
molecular orbitals and the A, and A, coupling ten-
sors are given to a first approximation by the ex-
pressions

A, xx= A2xx

magnetic electrons and the ' Q nucleus. The sec-
ond term in Eqs. (8)-(10) contributes only to the
anisotropy in the A1 and A, tensors. Since the
A, and A, coupling tensors are observed to be
nearly isotropic (see Table II), the 0 hyperfine
interaction is dominated by the Fermi contact in-
teraction. Consequently, the A, and A2 tensors
are expected to be negative since p„=—1.8930 p„,
and all of the other parameters in the Fermi con-
tact term are positive definite.

Before these equations can be solved, lgz, z(0) lz

and (rzz) need to be specified. The Hartree-Fock
wave functions for the ground 'P multiplet of free
oxygen as calculated by Mann' indicate that
lgz, (0) I

= 51.60x10 cm . The EPR measure-
ments of Harvey' on the P multiplet of free ' Q
indicate that (z', ) associated with the dipole-dipole
term is equal to 35. 03&&10 cm

Using the values of Mann and Harvey for
Igz, ,z(0) I and (rz~z), respectively, the numerical
values for &0, po, g, , o, and g4, 0, which charac-
terize the admixture of the oxygen g2, , f2~, and

|t}»,orbitals into X, and X4, can be deduced and
are tabulated in Table IV. In this analysis, the
contributions arising from cross terms of the
form 01,0 01 i I gzg, p(0) p, (0) I and 17«q,~ I S', (0) y (0) I

to the Fermi contact hyperfine interaction have
been neglected. Although terms of the form
q»g, I rp, (0) y (0) I are negligible, the cross terms
q, , ~g» Igz, z(0)y, (0) I contribute - 10% to the trace
of A, and A2. Although it is difficult to estimate
the contributions to the anisotropy in A1 and A2
arising from similar cross terms with the dipole-
dipole interaction, the results of Zeller and
Kanzig' indicate that (r,' ) increases by - 8% in
going from free oxygen to Q2 in the alkali halides.
These factors alone impose uncertainties in &, ,
p f p1 0, and p4 0 of 10%. The previously deter-
mined' values of &, , p, , and g»+$4, which per-
tain to the character of the wave function at silicon
sites 3 and 4 are also tabulated in Table IV.

IV. DISCUSSION AND CONCLUSIONS

and

A, gg=A2gg

&n 2 2
&i, o oo

I kz, o(0) I

In silicon containing the natural abundance of
oxygen isotopes, the intensity of the Si-S1 ' Q
hyperfine spectrum relative to the fine-structure
spectrum is 3. 7&&10 '. Under these circumstances,
the ' Q hyperfine spectrum is buried in the spectra

2 P2 2 2
tl 71 0 PQ 74 0 ( 3) (10)

TABLE IV. Character of the wave function as deduced
from the 170 and 2 Si (Ref. 1) hyperfine interactions.

The first term in Eqs. (8)-(10) arises from the
Fermi contact interaction and contributes to the
isotropic part of the A, and Az tensors [Tr(A, )
= Tr ( A, ) = 8v v s( p JI) rl1, 0 o 0 I t)'zs, 0(0)

I

'].
ond term in Eqs. (8}-(10}arises from the mag-
netic dipole-dipole interaction between the para-

Site

oxygen
(l =0)

silicon
(l =1, 2)

Q 2

0.40

0.12

n&, 0
2 2

0.60 0.041

0.88

]4, 0 ]1,l l4z l
2 2 + 2

0.018

0.64
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arising from the other more abundant isotopic
configurations of the Si-$1 center. Using the tech-
nique of ion implantation, we have been able to
enhance the concentration of ' 0 in our samples
so that the intensity of the "0hyperfine spectrum
relative to the fine-structure spectrum is observed
to be 4. 3 (see Fig. 2).

The ability to dope a crystal with a particular
impurity and isotope offers distinct advantages to
many spin-resonance studies. Part of the signifi-
cance of this study is that EPR measurements
were made on a sample doped by ion implantation.
This is significant not only because it is possible
to enhance the concentration of a rare isotope as
demonstrated here, but also because ion implantation
is a nonthermal equilibrium process. Consequent-
ly, the doping of a crystal with a particular im-
purity and isotope by ion implantation tends to be
limited by technological techniques rather than by
thermal-equilibrium processes. Furthermore, the
efficiency for incorporating into a sample an iso-
tope, which is usually available only in limited
quantities and chemical forms, is very high by
ion implantation.

From an analysis of the Si-81 ' 0 hyperfine
spectrum, the numerical values for the reduced
coupling tensors A, and A~ in the spin Hamiltonian
of Eq. (1) were determined. The numerical values
for A& and A~ as well as the other coupling tensors
are tabulated in Table II (see also Sec. III B).

From group theory, the proper linear combina-
tions of oxygen-valence orbitals and silicon ligands
compatible with the C2„symmetry of the Si-S1 cen-
ter can be determined. From the basis functions
tabulated in Table III, eight linearly independent
molecular orbitals can be constructed. In general,
these molecular orbitals tend to be localized on a
Si-0-Si complex lying in either the (110) or (ITO)

plane in Fig. 1. The two molecular orbitals which
we were able to examine by virtue of the spin res-
onance arising from the unpaired electrons in these
molecular orbitals are situated in the same plane
and are of the form of Eqs. (4) and (5).

The results of our analysis tabulated in Table IV
indicate that only 4. 0% of ()I, I y, ) and 1.8% of
(y4 I y4) are localized on the oxygen atom. On the
other hand, 64% of (X, IX,)+ (y~ I X,) is localized at
each of the silicon sites 3 and 4 in Fig. 1. The
next-nearest-neighbor Si hyperf ine spectrum'
indicates that -2% of (y, ly, )+ (X4IX4) is localized
at any one site neighboring this Si-0-Si complex.
From Table IV, the s and p character of the oxygen
hybrid orbital yo contained within g, can be speci-
fied; 40% of (polio) arises from Q2, , and 60% of
(yol yo) arises from $3~, . As indicated in Sec.
IIID, the isotropic part of the hyperfine interaction
originates from the s-like part of the wave func-
tion, while the anisotropic contribution to the cor-
responding hyperfine interaction reflects the non-
s-state character of the wave function.

Very few fundamental theoretical studies of the
electronic structure have been done for radiation-
induced defects in silicon. The relative simplicity
of the vacancy-oxygen center and the wealth of
experimental data relating to its electronic and
molecular structure appear to make this an attrac-
tive defect on which to perform a first-principles
theoretical analysis.
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