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Oxygen-vacancy complex in silicon. I. 2esi electron-nuclear double resonance
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The negative charge state of the oxygen-vacancy complex in silicon has been studied by electron-
nuclear double resonance. Hyperfine interactions between the unpaired electron and 2eSi nuclei in
50 shells of neighboring lattice sites have been determined. These shells contain 145 lattice sites.
From a linear combination of atomic orbitals analysis, it was deduced that the defect wave function
was primarily localized, on silicon atoms in a single ( Ot t ) tattice chain that contains the vacant lat-
tice site. The same preference for a one-dimensional extent of the wave function had already been
observed in the single vacancy in silicon. As for the vacancy, a symmetry-forbidden plane of lattice
sites is observed for the vacancy-oxygen complex as well. In addition to the hyperfine interactions
that could be identified with lattice sites in the chain or in the forbidden plane, many more hyperfrne
interaction counterparts could be identified from the results for the vacancy. Since for a total of
66Vo of all interactions a correspondence between the oxygen-vacancy complex and the vacancy was
found to exist, it is concluded that the electronic structures of both defects are highly similar.

I. INTRODUCTION

A. General

The first paramagnetic center observed in silicon that
was irradiated at room temperature with electrons at an
energy of about 1 MeV was called the A center. Later,
when a more system atic nomenclature was introduced,
this electron-paramagnetic-resonance (EPR) spectrum
was named the Si-Bl spectrum. From experiments by
Bemskil and by Watkins e/ e1.,2 it followed that the de-
fect could only be detected in irradiated, oxygen-
containing n-type silicon. The atomic model deduced
from these data is that of a vacancy that is trapped by an
interstitial oxygen atom. The defect is paramagnetic in
its negatively charged state, O-V-. This model was sub-
stantiated by the symmetry of the defect, which is point
group 2mm, and the resolved hyperfine interaction with
two 2esi nuclei. Furthermore, after irradiation at low
temperature (f <20 K), other paramagnetic centers were
observed, one of which was later identified as the negative
isolated vacanc y .3'o Under these circumstances, spec-
trum .B I is present only after annealing at temperatures
above 70 K, the temperature at which the negative va-
cancies become mobile. This latter observation is strong
support for the explanation of the formation process of
the oxygen-vacancy complex.

Hyperfine interactions which aÍe unresolved in EPR
can often be resolved \t/ith electron-nucl ear double reso-
nance (ENDOR). Such studies have been performed on a
number of vacancy-related defects-among others, both
paramagnetic charge states of the divacancy5'6 and the
negatively charged single vacancy V-.7'8 Hyperfine in-
teractions \4/ith large numbers of surrounding 2esi nuclei
have been determined in this \ryay. A rationale to per-
form the present ENDOR experiment was the observed
similarities between V- and O-V-: (l) both centers have
the same symmetry, Q) the g tensors of both defects are

very similar, and (3) the largest hyperfine interactions, as-

cribed to the nearest silicon neighbors, have the same
symmetry and aÍe nearly equal. The present ENDOR ex-
periment \t/ill show that on a microscopic scale both de-
fects exhibit many more striking and, therefore, most in-
teresting similarities. Throughout this paper we $'ill
therefore compare results for O-V- with those obtained
for V-. In Table I the data obtained by EPR for both
defects are given. Figure I shows the models for both de-
fects.

The core of the oxygen-vacancy complex, the oxygen
atom, constitutes the major structural difference with the
vacancy. This structural difference must be the origin of
the considerable difference between the dynamic proper-
ties of the two defects. Hyperfine interactions with the
l7O nucleus, determined in samples especially enriched in
this isotope, are discussed in the followittg paper. e

B. Electronic structure of the oxygen-vacancy complex

As the paramagnetism of the defect arises from a single
unpaired electron, rrye will describe the electronic struc-
ture of the oxygen-vacancy complex using a one-electron
model, the simplest bein g a linear combination of atomic
orbitals (LCAO) approach. Such a wave function can be
constructed from orbitals centered on the four silicon
ligands o, b, c, and d (Fig. 1).

In cubic symmetry (point group 4lm)-thus actually
for a substitutional oxygen atom-the electronic levels
are of at or tz symmetry. The al levels, constituted by
the k *b +c +d) combination of ligand orbitals, can ac-
commodate two electrons; the t z levels, from the
(a -b -c *d), fu *b -c -d), and k -b +c -d) com-
binations, can accommodate six electrons. The energy-
level diagram for the oxygen-vacancy complex in 43m
symmetry is shown in Fig. 2. In the negative charge
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FIG. 1. Models of (a) the negative oxygen-vacancy and (b)

the negatively charged vacancy. Shown are the defects in the

standard orientation ad. The oxygen atom is represented by the

solid sphere.

state, 11 electrons occupy the various levels. The lowest
levels can accommodate eight electrons in bonding orbit-
als bet\ryeen the oxygen atom and nearest-neighbor silicon
atoms. The remainittg three electrons have to be placed

in antibonding levels. The lowest of these is the threefold
orbitally degenerate tz level. By two successive Jahn-

Teller distortions, the symmetry will be lowered from cu-
bic to rhombic I (point group 2mm). The unpaired elec-

tron occupies the bï level. This antibonding level is ex-
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TABLE I. g values
(Refs. 10 and 4). Also,

of the negatively charged oxygen-vacancy complex and the negative vacancy

thermal-annealing characteristics are included.

t0111

43m 2mm

FIG. 2. Possible level scheme for the negatively charged state

of the oxygen-vacancy complex in silicon. The symmetry is

lowered from 4lm to Zmm by Jahn-Teller distortion, lifting the
degeneÍacy of the t, level. Levels are labeled according to the
irreducible representations to which they belong.

perimentally found at 0. 17 eV below the conduction
band. I The wave function of this electron can be written
as (a -d). This implies a strong localization on the
ligands a and d.

The EPR measurements of Watkins and Corbettl0
confirmed that this is a good approximation, as from
their measurements it followed that 70% of the defect
electron is centered at these atoms. Another consequence
of this description is that the wave function is antisym-
metric with respect to reflection about the (01 1) mirror
plane and rotation about the twofold axis. This is
reflected in the hyperfine interactions with atoms in this
plane and on this axis. This will be discussed in Sec.

III B.

C. The spin Hamiltonian

The oxygen-vacancy complex in its singly negative
charge state has point-group symmetry 2mm and elec-
tron spin S : *. The EPR measurements can be de-

scribed with the spin Hamiltonian

1{-pnB'E:'S, (l)

which accounts for the interaction between the unpaired
defect electron and the magnetic field. The symmetry of
the defect puts constraints on the elements of the !'tensor

Model
Point-group
symmetry

g values

8z,ll( or r )

Annealing
temperature

(K)Spectrum

Si.Bl
Si.G2

o-v-
l/-

2mm
2mm

I r, ll( roo )

2.0031

2.0038

2.4025
2.W28

2.m93
2.01 5 1

8r (oTr )

720
60
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if written in Cartesian coordinates: gyy:g,z and in describing vacancy-related defects.
gry:go:o. -- 

The wave function centered at an atomic site i is thus
In an ENDOR experiment hyperfine interactions of written as

the unpaired defect electron with magnetic 2esi nuclei in !
the lattice are determined. Therefore, terms;;;ï;ï; ër:o'si*BiÓtp,t ' (5)

the spin Hamiltonian that describe this interaction and with the normalization constraint a!+pz.: l. The whole
the nuclear Zeeman interaction. The spin Hamiltonian wave function is the sum over all lattice sites Í,
then reads

l{: pBB.E'.s+ T (S.À,.Ii -g.r ltuB.I, ) , (2)

$/ith S:* and ,,:'*.The label i enumerates the atom
sites surrounding the defect.

The addition of a magnetic 2esi nucleus. to the defect
puts constraints on the fórm of the tensor À,, depending
on the position of the 2esi nucleus. Silicon atoms that oc-
cupy symmetry-equivalent sites form a so-called shell of
atoms. One can distinguish four cases.

(1) The 2esi atom is on a general lattice site lxyzl.
Transformations of the point group, i.e., E, ffi(gll) , ffieI,,
and 21t*1, generate four different positions in the shell,

lxytl, lx 7 y|, Lxzyl, and Lx V Z], respectively. Hyperfine
tensors of this kind aÍe called general class tensors and
are labeled G.

(2) The 2esi nucleus lies in the (0Tl ) plane. Positions in
a shell are l,*yyl and lx V yl. As hyperfine tensors of this
kind describe the hyperfine interactions with nuclei that
lie in the same mirror plane as the atoms a and d in Fig.
1, they are called Mad tensors.

(3) The 2esi nucleus lies in the (011) plane. Positions in
a shell are ïxÍy] and Lxyfll. As hyperfine tensors of this
kind are associated with, sites in the same mirror plane as

the atoms b and c in Fig. 1, they are called Mbc-class ten-
SOTS.

(4) The 2esi nucleus lies on the [100J axis through the
defect. There is only one position, [x00], in each shell.
A tensor for lattice ,sites of this kind is called a twofold-
axis-class tensor; the label is ?-

'The first-order solution of the spin Hamiltonian [Eq.
(2)l for a particular shell i is

E:pngrnBm's,+ fttsftttA"n-gxpwBmt. (3)

EPR transitions aÍe those where L*s-+1 and L^r:O;
ENDOR NMR) transitions are those where Lms-O and
L*r:+1. From Eq. (3) it follows that the ENDOR fre-
quencies will be found at

LE - hv- lg*p*B tt A 
"nl 

. (4)

The frequency vz:lg*p*B /hl is called the nuclear Zee-
man frequency. Equation @) shows that, to first order,
the ENDOR frequencies will be found symmetrically
below and above the nuclear Zeeman frequency.

D. LCAO analysis

The experimentally found hyperfine tensors À are re-
lated to the \ryave function of the defect electron in the
crystal. It is often a good approximation to write the
\ryave function as a linear combination of silicon 3s and 3p
orbitals. This approximation has shown to be very useful

The first term is the isotropic Fermi-contact interaction,

v- 2'1,Q,, (6)

i

where q? is the localization of the defect electron on site

i.
We will no\ry calculate the symmetrized orbitals di for

the bï level for the four different classes of shells. We
start with an sp-hybrid orbital centered at site 7 of the
shell. The index j: l-4 enumerates the sites in a shell
following j:l,fxyzl; j:2, lxzyl; j:3, [x 7yh and i:4,
? 

--tLxyzli

Qi:as1*yxj16pj*ezt, 0)

where xj, !j, and z, are p orbitals along the x, !, and z
directions. Using projection operators, we find the ap-
propriate linear combinations of atomic orbitals for the
ó f level. For the general-class shell,

ói:*o,(s1 * sz-s3 -sa )* *y,(x 1 * x2-x3 - x+)

+*6r(yr * zz*zt*!+)*fer Q1*yz*yr*24) . (8)

For the (0Tl )-mirror-plane-class shell, we have

Qi: *o,(r r -s3 )* ty ,(x r -xr )

+*(6r *er Xyr *yt*.rr*23) .

For the (01 I )-mirror-plane-class shell, \il€ have

Q,-+(6r * e,)(y r*yz*z r* z2),

and for the twofold-axis-class shell,

ói: *(6r * e, Xy r * 21) .

This means that, at general-class lattice sites, admixture
of s orbitals and of p orbitals in arbitrary directions is al.-
lowed. On sites in the (0Tl) mirror plane, p orbitals
parallel to 'the plane and s orbitals are allowed. On the
(01 1) mirror plane, symmetry restricts to p orbitals along
[01U, perpendicular to the plane, just as for sites on the
twofold axis, while s orbitals are forbidden.

The hyperfine-interaction term S.^[.I can be calculated
from the relation S.À.I: ( VlÍtnrlV ), where 1{as is the
hyperfine-interaction operator. When \rye neglect contri-
butions other than those from the orbitals centered at the
site i, assuming that the overlap is vanishingly small, and
do not correct for distant dipole-dipole interactions, this
results in expressions for the hyperfine-interaction tensors
A, that can be written as

À,: o,ï+fr, .

(e)

(10)

(11)

$2)

o i 
: ?pe p ng w p xrÊ"?l \y( o ) I 3 03)
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The second term is the anisotropic dipole-dipole interac-
tion,

Bt^(i): #wns*ttn(. I+-+1.) u4)

Inserting expressions (8)-(1 I ) iglo Eq. (14) gives the
dipole-dipole-interaction tensor B; with principal values
(zbi,-b,,-bt), where
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with P4 - y? + 0! + e! the total amount of p character.
The atomic wave-function parameters can be obtained
from theoretical calculations. We will use values that
Morton and Prestonll derived from Hartree-Fock-slater
atomic orbitals by Herman and Skillman,
lv(g)13:34.52x 1030 m-3 and (r-tl o:18. 16x 1030

-1m-.
This analysis thus gives a purely axial hyperfine tensor

À. For the present point-gróup symmetry, experimental
hyperfine tensors need not be axial, however, and there-
fóri principal values of À 

"un 
be written as

(ai*Zb;, Qi-bi*c;1 ai-bi-cil , (t6)

where c; gives an indication about the deviation from the
axial form.

II. EXPERIMENT

A. Sample preparation

In order to obtain the highest possible concentration of
oxygen-vacancy complexes, oxygen \ryas diffused into
0.025-O cm float-zone phosphorus-doped n-type silicon
(tPl -9X l0l7 cm-3). Float-zone silicon \ryas used instead
of crucible-grown silicon because the latter material was
not available with sufficiently high phosphorus concen-
tration.

Samples (dimensions 2Y.2Y.2O mm3 ) were first oxi-
dized by heating them for 16 h at 1200'C in a closed
quartz ampoule in which a few milligrams of water \ryere

put prior to the heating. The oxidized samples were then
enclosed in another quartz ampoule and heated for l0 d
at 1390'C. This was sufficiently long to obtain a homo-
geneous oxygen concentration. Samples \ilere then slowly
cooled down and ground to remove the surface layer.
This procedure minimizes the risk of breaking the sam-
ples during the final quench, &s a surface layer of SiO2

and/or Si2N3 has a low thermal conduction and thus
causes mechanical strains. Finally, samples were heated
to about 1350 "C for a few hours. Then they were
quenched in about 2 min to room temperature. This rela-
tively slow quench has the result that fast-diffusing ele-
ments, such as inevitably present transition metals, have
time to cluster to nonparamagnetic centers.

Electron irradiations were done with a Van De Graaff
electrostatic accelerator. Typical energies and dose rates
for the production of the Bl center \ryere 1.5 MeV and 4
p,Acm-2. Samples were mounted on a copper block in a
holder with a water-cooled mantle. During the irradia-
tions the temperature of the samples tvas kept below

70'c.
Because of the high phosphorus concentration,

phosphorus-v acancy complexes and other phosphorus-
related spectra will also be produced during the irradia-
tions. t2- 14 The production and presence of other defects
means that less O-V- complexes are formed. As the
oxygen-vacancy complex has the highest annealing tem-
perature of most of the produced defects, samples \ryere

annealed for about 15 min at 220 "C after irradiation. In
this process nearly all vacancy-related defects except
O-V- dissociate. The mobile vacancies produced are
captured by interstitial oxygen atoms and create addi-
tional oxygen-vacancy complexes. The irradiation-an-
nealing-EPR experiment cycle \ilas repeated a few times
until a high enough intensity of the Bl spectrum \ryas ob-
tained.

B. Experimental setup

EPR and ENDOR experiments \ilere performed in a

cryost at that \ryas originally designed for an ENDOR ex-
periment on the single vacancy in silicon. A detailed
description of this cryostat can be found in Ref. 15. Al-
though designed to perform low-temperature electron ir-
radiations as well, this cryostat was used because of its
low helium consumption at the measurement tempera-
ture of about 25 K, its capability of unattended operation
for periods up to 36 h, and its proven reliability over long
periods of operation.

A K-band superheterodyne spectrometer was used.
Detailed descriptions of this spectrometer can be found
in Refs. 14 and 15. For the ENDOR experiments a cylin-
drical TEor 1-resooance cavity tryas used. It \ryas made of
Epibond with a silvered inner wall in which a spiral
groove was cut, so that it acts as a rf coil. 16

The magnetic field was measured by a Bruker B-NM20
proton resonator. The value of the field as measured is
fed into a microprocessor that controls the magnetic field
with an accuracy of t2 pT, by means of a program writ-
ten in FoRTH. Various programs for the magnetic field
can be run, for instance, to shift the magnetic field in a

linear relation with the applied radiofrequency during an
ENDOR experiment, in order to induce EPR transitions
in the right spin packets.

ENDOR signals \ilere recorded as changes in the
dispersion component of the EPR signal using double
phase-sensitive detection. The magnetic field was sine-
\ryave modulated with a frequency of 83.3 Hz and the rf
lvas on-off modulated with a frequency of 3.3 H'z.

C. Experirnental results

In exploratory EPR measurements the g tensor of the
Bl center \ryas determined by a computer fit. The calcu-
lated principal values of the g' tensor \ryere
gr,ll( roo >:2.O033t0.0001, gz,ll(01 ) 

:2.0025t0.0001, and
gr,'(oTr ,:2.0093t0.0001, in close agreement with the
values given by Watkins and Corbett (Table I). Figure 3

shows a plot of the angular dependence of the effective g
value, geff, with the magnetic field in the (0Tl ) plane, and
as a function of the angle with the U00l direction. The
four different curves aÍe labeled according to Fig. l. In

- 2ltobr: tAtLtnsxpnrfiB?(r-tl o , (15)



n

2 .01 00
rts
i.-
o

cD

2 .0080

2.0060

2.0040

2.OO20

Angte O (deg I

FIG. 3. Angular dependence of the effective g values for the
oxygen-vacancy complex. The magnetic field is rotated in the
(OTt) plane. The different orientations are labeled in accor-
dance with Fig. l.

principle, there are six different orientations, but when
measuring in a symmetry plane of the defect, the reso-
nances of the orientations ab and ac and those of bd and
cd coincide.

In most cases, ENDOR measurements were performed
on a single transition, i.e., only frequencies in the range
v) v, \ryere scanned. Angle-dependent rf scans were only
made for the EPR orientations ad and bc. For frequen-
cigs l/-vr <-l.5 MHz, they were made at 10" intervals,
and at v - v, 1300 kHz, even at 5o or 2" intervals, as

necessitated by overlap of the patterns. This overlap is,
in fact, the main limitation to the smallest hyperfine-
interaction tensor that can still be analyzed. Another
limitation is the fact that for angles where two EPR lines
come close together, it cannot be decided which ENDOR
lines belong to which EPR line and, thus, to which orien-
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tation. This made it impossible to do measurements on
orientation ad between 35" and 65o. Figure 4 shows a

part of a recorded ENDOR spectrum with high resolu-
tion.

All the measured hyperfine tensors were determined by
making computer fits to the spin Hamiltonian [Eq. (D].
In these fits the electronic g values and the nuclear g
value, g n, \ryere kept constant at their previously deter-
mined values. The nuclear g value \ryas determined by
measuring the frequencies of both ENDOR transitions
for the tensor Mbc3. Making a computer fit with gN as a

free parameter as well, \rye found lg"l:1.1096+0.0001,
in good agreement with literature. 17 In general, only
points measured in the three directions of high symmetry
were used for the computer fits. Angle-dependent pat-
terns for orientations ad and bc were only used to sort
out which high-symmetry points belonged to the same
hyperfine tensor, and to determine the symmetry of the
pertinent shell of lattice sites.

We measured the hyperfine interactions with 50 shells
of silicon atoms: 23 G-class tensors, 20 Mad-class ten-
sors, 6 Mbc-class tensors, and only one I-class tensor.
These 50 shells contain 145 atoms. Principal values of
the 50 hyperfine-interaction tensors are given in Table II
together with the principal directions expressed in the an-
gle yr between the direction of the principal axes and the
(0Tl) plane and the angle 6, between the projection on
this plane and the U00l direction. The linewidths of the
ENDOR lines are between I and 3 k}Iz for most of the
interactions. For the interactions Gl-G4, GlO, and
Mad3-Mad7 the linewidths are between 8 and 15 kHz,
and for Madz 70 kHz and for Madl 300 kHz. The exper-
imental uncertainty in the determined values is, in gen-
eral, lOVo of the linewidth.

Table III gives the reduced hyperfine parameters c, b,
and c) and the LCAO parameters a2, 82, and Tf , which
are calculated using expressions (13)-(16), and az + B2: l.
As it is not possible to determine the absolute signs of a
and ó from experiment, we always choose a) O. In some
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lorillr ool

Gll Madl6 MadlT Ol5 Madl5 Gl7 Madl3 Mbc6 Gt3 Madll

7.t8 7.20 7.22

FIG.4. ENDOR scan with very high resolution with the magnetic field Blltl00]
beled according to Table II. The microwave frequency was vm:23.2922 GÍIz and

Frcquency ('MHzl 
7'24

for the orientations ad and bc. The tensors are la-
the scan speed \ryas 58.4 kHz/h.
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cases this led to ó < 0. In view of the coefficients in Eqs.
(13) and (15), a LCAO description requires a and b of
equal (and actually negative) signs. From Eq. (16), c also
was calculated; b and c are chosen such that la I > It l .
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Also, the quotients a /b and b /c are given. They give an
indication about the anisotropy and the deviation from
axiality, respectively. If we choose the value lU tcl > 5 as

a rather arbitrary criterion for the tensor to be "axial "

TABLE IL Hyperfine parameters of the negatively charged oxygen-vacancy complex. Principal values l; are given in kHz. 7; is

the angle of the r'th principal direction with the {0Tl ) plane; 6i is the angle between the projection of this direction on the {0Tl ) plane
and the [00] direction. These figures refer to the EPR orientation od. Experimental errors range from 60 kHz for Madl to 0.2 kHz
for most of the smaller interactions.

Tensor At Az A3 Tr 63Tt62Tz6r

GI
G2
G3

G4

G5

G6

G7

G8

G9

G10

Gll
GT2

G13

GL4

Gl5
Gr6
Gt7
Gl8
G19

G20

G2l
G22

G23

Madt
MadT
Mad3
Mad4
Mad5
Mad6
MadT
MadS
Mad9
MadlO
Madll
Mad12
Madl3
Madl4
Madl5
Madl6
MadtT
MadlS
Mad19
Mad2o

Mbcl
Mbc2
Mbc3
Mbc4
Mbc5
Mbc6

TI

20 s20.9

9789.6
6840.8

3832.1

2324.7

1998.4

ts7 t.2
I 180.9

97 6.7
2 108.8

761.0

658.7

543.2

415.9

436.9

377.8

379.2

549.7

287.1

250.6
25t.2
267.8

236.5

460 437

47 567.9

3t 796.6

20 439.9

7709.6

4084.5

3067.7

1908.1

124s.6

9M.6
463.3

7 56.1

463.r
586.6

524.2

456.2

315.3

303.4

241.2

183.3

283s.9

1352.1

1324.7

to45.7
412.9

396.0

697.8

14 s99.s

7440.0

6399.9

2830.0
1662.1

1650.2

1438.7

732.6

7 68.2

1 5 54.8

570.4

570.7

388.0

3l 1.8

341.7

348.3
329.6

394.9
21o.4

229.4
243.9

221.2

140.2

389 614
35 846.1
23 589.9
l6 306.3

5798.5

3081.0
2735.8

l4gg.3
968.4
805.4
4t2.3
300.3

347.8

207.8

220.2

243.0

270.5
235.1

180.4

L74.2

2302.7

I 188.6

930.3

883.7

334.2

333.4

597.8

t4 364.2

7293.9

6134.3

2760.9

1638.4

1398.3

1 168.9

707.4

748.8

- 124s.8

567.0

s62.0
368.5

297.6

242.4

260.1

195.1

- 120.r

182.0

192.5

164.8

t49.4
138.5

387 377

34765.8
22963.0
l6 001 .2

5688.0

3021.6

2734.7

1456.0

954.3

s54.2

403.7

2t2.9
341,.2

164.8

206.t
240.8

261.9

229.8

180.2

96.3

2228.8

1170.3

685.7

780.4
308.5

- 474.4

401.6

- 3.8

- 53.8
49.7

-0.2
- 55.5

- 66.r

- 38.6

- 8.6

- 1.5

-28.7
- 54.7

-37.7
- 60.0

- 44.6

- 69.1

- 51.5

- 5.9

- 56.9

- 44.8

-2r.4
49.6

60.0

- 5.5

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

90.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

90.0

- 40.5

- 40.8

-23.4
- 68.6

- 35.2

5.6

90.0

58. I
6.7

83.2

5 s.0
8.8

28.4

26.7

60.4

s3.4

- 66.8

6.9

25.7

- 6.4

84.7

53.2

2t.8
21.7

- 0.1

84.4

56. I
65.8

78.3

70.1

5 3.8

51.6

48.5

51.5

53.4

51.6
7.9

s2.9

s2.9

57.3

80.5

54.3

60.9

45.5

s7.5

1.3

53. s

s2.3

0.0
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then 12 of the 23 G-class tensors, 16 of the 2O Mod-class
tensors, and 3 of the Mbc-class tensors can be called "axi-
al." In practice, the distinction between axial and nonax-
ial tensors proves to be very useful, as only axial tensors
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comply with a pure LCAO analysis.
The localization ,f of the defect electron is distributed

as follows: G class, 24.2OVo; Mad class, 82.68Vo; Mbc
class, l.66Vo; T class, O.O84Vo-resulting in a total of
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TABLE III. Reduced hyperfine parameters and calculated LCAO parameters of the oxygen-vacancy complex. Yalues of a, b, and
c are in units of kHz. Fractions of s character a2, p chatacter ff, and localization q2 are calculated with the atomic wave-function pa-
rameters from Ref. ll, taking the absolute values of a and ó. The suitability of the LCAO description is indicated by * or -. As-
signment to lattice positions according to various model descriptions is given (see text).

Tensor a c a/b b/c e2 p' q2 (và LcAo Pos. Model

GI
G2

G3

G4

G5

G6

G7

G8

G9

G10

GII
G12

Gl3
Gl4
GT5

Gt6
Gt7
Gl8
G19

G20

G2l
G22

G23

16 494.9 2013.0

817 4.5 807.5

6458.3 191.2

3 141 .0 345.5

1875. t 224.8

1682.3 158.0

1392.9 - 112.0'
873.7 153.6

831.2 72.7

905.9 - 1025.9

632.9 64.1

597.2 30.8

433.2 55.0

341 .8 37 .t
340.3 - 49.0

328.7 - 34.3

301.3 - 53.1

274.8 - 197.5

226.s 30.3

224.2 - 15.8

220.0 -27.6
212.8 - 31.7

171 .8 32.4

Madl 4t2 476.4 23 980.4

MadT 39 393.3 4087.3
Mad3 26116.5 2840.1

Mad4 17 582.5 !428.7
Madí 6398.7 655.4

Mad6 3395.7 344.4

MadT 2846.1 110.8

MadS 1617.8 145.1

Mad9 1056.1 94.7

Madlo 768.1 - 106.9

Madll 426.4 18.4

Madt2 423.1 166.5

Madl3 384.0 39.5
Madl4 319.7 133.4

Madl5 316.8 103.7

Madl6 313.4 71.4

MadlT , 282.6 16.4

MadlS', 256.1 23.7

Madl9 200.6 20.3

Mad2O 147.9 - 30.8

Mbct
MbcT
Mbc3
Mbc4
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tt7 .6 8. 19

73.0 l0.l2
132.8 33.79

34.6 9.09

11.8 8.34

t25.9 10.65
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12.6 s.69

9.7 I 1.43
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4.3 19.39

9.7 7.88

7 .l 9.21
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-24.8 - 5.67

-77 .4 - 1.39

14.2 7.49
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0.9 5.30

1 1 19.4 17 .20
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7 .l I 1.15
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7.O 3.05
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9.1 21.48
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12.9 1 1.54
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17 .12 0. 171

I 1.06 0.203

1.44 0.459
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19.05 0. 173

t.25 0.2t1
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TABLE IV. Comparison of the largest hyperfine interactions of O-Z-, as derived from an EPR ex-
periment by Watkins and Corbett (Ref. l0) and from the present ENDOR experiment. Given are labels
of the interactions, numbers n of pertinent lattice sites, and hyperfine parameters a and b in MHz.

N

Ref. l0
Label n a b Label

Present work
nab
2

2

2

2

4

4

4

2

A
B
C
D

2

2

2

+6

L6

4r0.4
39.9
26.4

t7.4

7.5

24.3
(3.9)

(2.7)
(1.8)

Madl
MadL
Mad3
Mad4

GI
G2

G3
Mad5

23.98

4.087
2.840
1.428
2.0r3
0.809
0.191
0.65 s

412.48

39.393
26.116
t7.582
t6.495
8.175

6.458

6.399

108.6Vo. If tensors without a proper LCAO behavior had
been omitted from this analysis, a total localization of
99Vo is found.

In the original EPR experiment of Watkins and Cor-
bett on O-V -, to five more or less resolved hyperfine in-
teractions have also been reported. These interactions,
labeled A-8, can now easily be identified $/ith the largest
interactions from our present ENDOR experiment. The
comparison in Table IV shows that the agreeement is
very good, even though the anisotropy of the four smaller
interactions could not be determined by EPR. The values
for ó shown in parentheses are only estimates, as given in
Ref. 10. From Table IV we can see that the interactions
D and E are actually superpositions of, respectively, two
and three interactions. As these do not exactly coincide,
the total numbers of atom sites they represent aÍe, in fact,
somewhat larger than Watkins and Corbett estimated
from the intensities of their observed hyperfine satellites.

III. DISCUSSION

A goal of a ligand ENDOR experiment is often to as-

sign hyperfine tensors to particular shells of silicon
atoms. Unfortunately, so far no theoretical calculations
and predictions exist for the hyperfine interactions of a

deep-level defect electron with more than just a few sur-
rounding silicon neighbors. On the basis of symmetry,
tensors and sites can be assigned unambiguously to one of
the four distinct classes, but when making assignments to
sites within a class we are forced to rely on "proofs" of
phenomenological nature. In the following we will dis-
cuss assignments of measured hyperfine tensors to
specific shells of silicon atoms, largely in the same spirit
as for the vacancy. s

To get some idea about the extension of the electronic
\ryave function, in Fig. 5 the localizations 12, as given in
Table III, have been plotted as a function of the distance
from the atoms in a shell to the center of the defect, un-
der the assumption of monotonic decrease of the isotro-
pic part. The solid lines aÍe fits to the function

q(r)z:Ttzoexp(-r /rs) (17)

Parameters r72s and, ro for three different symmetry types
of neighbors aÍe given in Table V. For comparison these
parameters for V- are reproduced as well.8 The results

for the G- and Mad-class tensors of O-V- are very simi-
lar to V-. The Mbc tensors show a rather pronounced
difference. In view of the fact that only two of the six
show a proper LCAO behavior, this may not be too
significant. This presentation of the measured hyperfine
tensors and the comparison with the results obtained for
V- is rather superficial, partly because it is based on
some\ryhat unrealistic suppositions. In the following sec-

tions we will take a closer look at similarities.

A. The defect chain

As was noted by Sprenger et al.r7'8'l5 a group of the
hyperfine tensors of the Mad class of Y - showed remark-

GI
L

F
-t

t0

-2
t0

t0

-4
10

2t6gl0l2
r(Al

FIG. 5. Hyperfine interactions of the oxygen-vacancy com-
plex, converted to values for the localization of the \ryave func-
tion, plotted against the distance from the center of the defect
under the assumption of monotonic decrease. Solid lines aÍe
logarithmic fits to the function r.,( r)2 : rlzoexp( - r / r s), the pa-
rameters of which are shown in Table V.
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TABLE V. Parameters for the fitted curves of Figs. 5 and 6.

For comparison, the values for the same fits in the case of V -
(Ref. 8) are also given.
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ted. Measured^ points show only small deviations from
the line with q3:0.20 and /s:3.5 À. These parameters
for O-V- are included in Table IV, as well as those for
V-. The data for tensor Madl are not contained in the
fit. A reason for the somewhat exceptional position of
tensor Madl may be found in the relatively large lattice
distortions for the nearest atoms of the vacancy.

When we compare these results with those for the neg-
ative vacancYr rile notice that a one-to-one assignment can
be made bet\ryeen the Mad tensors of O-Y - and V-. The
values rt3:0.27 and ro:3.3 À for the vacancy are hardly
different. This indicates that for both defects the locali-
zation of the charge density and its extension through the

[011] chain in the Mad plane are nearly the same. For
comparison, \rye show in Fig. 7 the tensors of the Mad
chain with the largest isotropic part , Madl, and with the
smallest, MadlS (O-V- ) and MadlT (V- ).

In analogy with the model proposed for the negative
vacancy, we thus assign the tensors of the group marked
"ch" in Table III to the lattice sites on the zig-zag chains
of atoms that lie along the [011J and tOTï] directions
starting at the center of the defect. This suggestion \ryas

already made by Watkins and Corbettlo for the atoms on
the sites which they labeled A, B, and C (see Table IV).
In this quasi-one-dimensional defect, 8lVo of the electron
density is confined to the chain. Along this chain of
atoms the electron density stretches outward over a large
distance: in our assumption that the ten Mad tensors
measure the hyperfine interactions with the first ten
atoms along the chain, this distance is farther than 19.2
À. This is the straight-line distance to the tenth atom
along the Mad chain, but it constitutes the 53rd shell in
the group of all Mad-class shells, and there are euen some
1500 atoms within the sphere of this radius.

Further support for the chain model can be found in
theoretical studies performed by Kane. le Using a

Green's-function method, the charge distribution around
a localized impurity in silicon is calculated in up to 72

shells for a midgap state, and in up to 27 shells for three
differerit bound-state energies. It d found that the charge
disturbance propagates with a strong preference along
similar coplanar atom chains, of which 12 exist in this
higher tetrahedral symmetry. Kane argues that his re-
sults can be related to the so-called fifth-neighbor interac-
tions, which aÍe of the coplanar angle-angle type. In a

lattice with the diamond structure with its strong co-
valent bonds the linear distance in the lattice between
two sites may be less important than the number of
"steps" along the bonds between two sites. To reach the
site [133] from the center of the defect, one has to take
only three bond steps along the [011] chain, while it is the
fifth neighbor.

In Refs. 8 and 15, Kane's results have already been
plotted in the same manner as in Fig. 6. Although the
theoretical results apply to the 12 ( t tO ) chains in a crys-
tal with cubic symmetry and for a very simple potential,
it is interesting to note that the extension of the calculat-
ed charge deniity along the chain of atoffis, ro:3.4 À,
agrees very well with the extension for our experimental
data.

A theoretical calculation specifically on the oxygen-

OXYGEN.VACANCY COMPLEX IN SILICON. I. 29Si

roo

(A)

0.30
0.62
0.009

0.20

0.23

0.72
0.04
0.27

1.19

1.44

2.42

3.5

1.4

1.5

1.4

3.3

Defect
Shell
type qa

o-v-
o-v-
o-Y-
o-v-

V_
V_
Y-
V_

able similarities. The probability density of the defect
electron, plotted as a function of the linear distance to the
defect under the supposition that these tensors belong to
silicon atoms on a [011f zig-zag chain, showed a nearly
perfect exponential decay.

The results of the present experiment demonstrate that
for the oxygen-vacancy complex a similar group of Mad
tensors exists. The tensors of this particular group have
three features in common: (l) the tensors are all axial
with the axial direction very nearly parallel to [ lU, Q)
the second-largest principal value has its direction per-
pendicular to the Mad plane, i.e., perpendicular to the
(011) plane, and (3) the ratios a /b and b /c of the tensors
have about the same values. The patterns of the angular
dependence of these tensorsls provide even more convinc-
itrg pictorial evidence for the similarities. When we plot
the electron density, q(r)z, for this group of tensors as a
function of the distance along the two semi-infinite ( O t t )
directions through the center of the defect, it is found
that the densities 4( r)2 have a nearly perfect exponential
decay as well. In Fig. 6 the experimental points and a fit
to the function q(r)Z:qf,exp(-r /ro) [Eq. (17)] are plot-

I
2

rl

to-l

1t2

I: ro(Al
0.20 3.5

t0-

G
Mad
Mbc +T
chain

G
Mad
Mbc +T
chain

4L

0
t0- 510 152025

r(Àl

FIG. 6. The localization T z of the \ryave function of the
oxygen-vacancy complex as a function of the distance to the
center of the defect taken along the [011] chain. The numbers
correspond to the Mad tensors in Table III. The line is a loga-
rithmic fit to the curve 4( r)2:4frexp( -r /rs), the parameters of
which are shown in Table V.
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vacancy complex was performed by Caldas et a\.,20 using
the multiple-scattering X a method in a 17 -atom cluster,
i.e., a central oxygen atom surrounded by its 4 nearest
and 12 next-nearest neighbors. Although it is obvious
that this cluster calculation will never reveal many details
on the extended electronic structure of the defect, one of
the results suggests a charge concentration in the ad
plane. Whgn the unpaired electron was accommodated
in the b f level, a charge concentration was found on the
nearest and next-nearest neighbors that lie around a
( t tO ) direction adjacent to the atoms a and d where the
unpaired electron is mainly located. The calculated
hyperfine interaction on a and d was about 800 MHz,
nearly a factor of 2 larger than the measured value
( - 4I2 MHz). Ho\ryever, a considerable charge concen-
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tration was also calculated for the atoms of the first
general-class shell. Still, the fact that a charge concentra-
tion is found in and close to the [110] plane is consistent
with our experiment.

For the vacancy, Sprenger et al. also looked for
"chainlike" groups of tensors among the other classes. s' 15

Indeed, they succeeded in isolating a group of G-class

tensors on the followittg grounds: (l ) the largest principal
values have their direction nearly parallel to ( 1l 1 ) direc-
tions, Q) the second-largest principal values have their
directions nearly parallel to ( tOt ) directions, and (3) the
ratios of the LCAO parameters, a /b, aÍe of the same or-
der of magnitude for all of the tensors, as are the ratios
b /c. Inspection of Table III reveals that the tensors Gl,
G2, G4, G5, G8, G9, and Gll, marked "chT" for O-V-

N-
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N
-LJ

lF
rts
o

20 30

Ioo]

400000

390000

380000

370000

360000

350000

340000

330000

20 30 40 50 60 70 B0 90
Angte e (deg)

FIG. 7. Hyperfine-interaction tensors for the Mad chain of the
teractions with the largest isotropic part, Mad 1, for O-V- and V-
tropic part, Mad l8 (O-V- ) and MadtT (V - ), respectively.
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also meet these criteria. By inspection of Table II, it is
seen that the largest principal value alternates its direc-
tion between a ( ttt) direction parallel to the Mad mir-
ror plane and a ( t t t ) direction parallel to the Mbc mir-
ror plane. Unfortunately, this sequence seems to be inter-
rupted at G8 and G9. One can easily argue, however,
that only one of these two tensors belongs to the chain.
From Table III it can be seen that ',f decreases roughly
by a factor of 2 between successive members of the chain,
which is equal to the decay length in the Mad chain.
Therefore, both of them cannot be a member of the
group. On the basis of this argument, G8 seems a better
choice than G9. On the other hand, G9 is more similar to
the other tensors of the group. Without more detailed
knowledge of the spatial extent of the wave function of
the defect electron, it is not possible to make a well-
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founded choice between the two.
An interesting point is the assignment of these tensors

to shells. For the vacancy it \ryas observed that the first G
tensor , Gl, is very similar to tensor Mad4 of the Mad
chain and, therefore, that lattice position [224] was a
good candidate for the assignrynt of G 1. 

8 It was argued
that at the position of Mad3, [ 133], a part of the electron
wave function "branched off," giving rise to a chain of G
tensors. Inspection of Tables II and III shows that, for
O-V -, the tensors Gl and Mad4 are also very similar. In
Fig. 8 \rye show the angle-dependent patterns of the ten-
sors Gl and Mad4 for both defects. We therefore argue
that, for the oxygen-vacancy complex, this branching-off
mechanism is also present and that it happens at the
same lattice site. In view of the importance of the
earlier-mentioned fifth-neighbor interaction, and the fact
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that the fifth neighbor of the vacant lattice site is located
at [Tf f ], this model seems very conceivable. The site as-

signments as given in Table III for the G-chain tensors
are based on this consideration; they should be taken as

only tentative.

B. The forbidden plane

In our experiment the existence of a finite contact
hyperfine interaction was observed for atoms in the Mbc
plane, which includes, as a special case, the twofold axis
of the defect. The occurrence of this hyperfine interac-
tion cannot be explained by the simple one-electron
LCAO model as described in Sec. ID. From Eqs. (10)

and (1 1) it follows that the s part of the electron \ryave

function vanishes for atoms in the Mbc plane. Only a

nonisotropic contribution from the p part of the \ryave

function is allowed. Also, from the characters of the rep-
resentation for a b I level in the 2mm point-group table,
this can directly be seen.

Two possible origins for the observed interactions will
be discussed: (1) distortion, and Q) many-electron effects
and configuration interaction. Also, Lannoo2l considered
these, in response to the first publication of V- results.T
Although the treatment of Lannoo is tailored to the prob-
lem of the negative vacancy, we think that it is also suited
for this case, as the magnitudes of the contact interac-
tions for both the Mbc tensors and the Z tensor are very
much the same.

In the nearest-neighbor, one-electron defect model the
spin density of the unpaired electron is localized only on
the two neighbors c and d (Fig. 1). The electron is in the
state (a - d) /r' 2. For strong displacements one should
consider the coupling bet\ryeen the states a 1 and c i, which
is induced by a trigonal Jahn-Teller distortion. As a re-
sult, the exact states a 1 and a i should be written as

(b +c)* )"(a +d)
At:' *r P(l+)e)ln '
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C. Dipole-dipole interactions

In this subsection \rye will take a closer look at the
dipole-dipole interaction between an electron and a nu-
clear spin. This interaction is given in Eq. (14). As
shown in Sec. I D for a LCAO \ryave function constructed
from s and p orbitals,*,one can derive an axially symmetric
dipole-dipole tensor B;, with principal values as given by
Eq. (15). In deriving this expression, we only took into
account the p part of the wave function that is centered
at the nucleus itself. However, one should also consider
contributions from parts of the \ryave function that are lo-
calized on all the other atoms surrounding the nucleus.
It is obvious that this is practically impossible. It is not
necess àry, however, to consider all the surrounding
atoms.

In the simplest case of electron spin in a point
the dipole-dipole tensor B has principal
(2b dd, - b aa, - b aa ), where

, ltobaa: ?spngwptxrf R-t ,
+7r

with q2 the fraction of the electron charge and R the dis-
tance between the nucleus and the point charge. The ten-
sor has its axial direction along their connection line.

Because of the R - 3 dependence, this interaction,
which arises from spin density on neighbor sites, is usual-
ly rather small compared to the interaction with the cen-
tral p orbital calculated with Eq. (15). This is supported
by the numerical factors; while in Eq. (15)

2/5(r-tl r:7.264X 1030 m-3, for nearest neighbgrs in
Eq. (19) R'-3:0. 077 X 1030 m 3 only. Moreover, 42 is of
considerable magnitude only on the two first neighbors of
the vacancy (-0.3 on each). Therefore the dipole-dipole

charge,
values

0e)

s33 slï

ï rlool

sït s3g
(18)

a\: )rft *c)-(a *d)
lzo+)t2)1rtz

When the trigonal distortion is so large that the a'r* lèvel
is raised above the bï level, the term Lzft * c)2 should
give rise to a contact hyperfine interaction on the atoms b

and c. Lannoo, however, rejected this solution by argu-
ing that the required distortion would be too large to
keep À small, or, in other words, in that case the observed
hyperfine interactions should even have been much
larger.

The second possibility that was investigated by Lannoo
is that of configuration interaction. This interaction is
discussed for a system of five electrons that can occupy
the ground-state configuration l{o):lardflïdïbï ) and
four excited states of the right symmetry. The conclusion
of Lannoo is that it is indeed possible to account for a
nonvanishing spin density in the bc plane. The observed
small hyperfine interactions in the forbidden plane, as

comparqd to other neighbor sites, confirm that they
should be considered to arise from second-order effects.

133 133

333

FIG. 9. Part of the symÍnetry-forbidden (011) plane. Lattice
sites for which the hyperfine interaction could be identified from
calculated dipole-diBole interactions are shaded. The solid dot

is the oxygen atom; the dashed circle indicates where the

dangling:bond atoms a and d are located above and beloW the

plane. :
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Inserting the values q2:O.2gg8 and R-4.501 À ittto Eq.
(19), one finds baa: -51.6 kHz. Adding the two tensors
yields

interaction due to spin on surrounding nuclei can only be

observed if the contribution from the orbital on the site
itself, described by Eq. (15), is very small. This situation
occurs for the oxygen-vacancy complex for atoms in the
"forbidden" plane of the atoms b and c.

As a typical example, \rye will calculate the dipole-
dipole tensor for the atom on the twofold axis through
the center of the defect at the position [400]. The point
charge s rf aÍe taken to be on the atoms a and d (see Fig.
I ). The Cartesian dipole-dipole interaction tensor result-
ing from a point charge at site a - [T11] is

kHz

This tensor has to be compared with the measured tensor
TI:

[-t4g.g o o
<Í+ IB-l o 75.0 -28.2

I o -28.2 75.0

[-t64.r o o...-l
B-l 0 g2.l -50.0

I

[ 0 -50.0 82.1
[1.455 0.8r8 0.818.*l

B:baa 10.818 -0.727 0.273

[o.ata 0.273 -0.727
The dipole-dipole-interaction tensor resulting from tE)
site d - [ 1 lJ is found by the transformation ffi,1)8.

[roo] [t t t] p'I
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FIG. 10. Angle-dependent patterns for the tensors Tl
the oxygen-vacancy complex and (b) the vacancy.
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As can be. ,seen, the agreement between calculated and
measured B tensors is quite satisfactory considering the
crude approximation of taking point charges instead of
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FIG. I 1. Angle-dependent patterns for the tensors
oxygen-vacancy complex and G26 of the vacancy.
both tensors have nearly tetragonal symmetry.
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the real orbitals. This means that on site [400] the ob-
served hyperfine interaction is largely determined by
dipole-dipole interaction, rather than by LCAO admix-
ture.

Within the class of Mbc tensors there is one, Mbc 4,
which has about the same principal values as Tl. Only
the axial direction in the (01 I ) plane is rotated over about
70" (or 110") with respect to Tl. Inspection of Fig. 9 re-
veals that a rotation over I 10" around the axis of the two
point charg_es at a and d brings position [4OO] almost ex-
actly at Í0221. For tensor Mbc4, when assigned to the
positions 1022] and lo22l, we can thus draw the same
conclusions. ..*

Dipole-dipole tensors B have further been calculated
for sites in these two and various other shells, taking into
account charge densities on the nearest neighbors [ 11 1]
and tT T T] and on the next-nearest 10221 and 10221 as

well. Localizations for Madl and Mad2 were used as

given in Table III. The resulting assignments to
hyperfine tensors and calculated values are listed in Table
VI. Results for a point-charge approximation aÍe indi-
cated by the entry "pc." Results indicated with "orb"
have been calculated using more realistic Slater-type or-
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bitals, s'22 centered on these four neighbor sites.
As can be seen from Table VI, the match between the

experimental and calculated values of tensor Tl is very
good, if it is accepted that the Fermi-contact interaction
is positive, although it should be negative in view of the
coefficients in Eq. (13). This is a valuable result, as the
position [4OO] is one of the two nearest atom positions on
the twofold axis of the defect. The anisotropy of T1 can
thus entirely be explained as arising from dipole-dipole
interactions; the positive contact interaction can qualita-
tively be understood by the mechanism of exchange core
polarization.23 In Fig. 10 the tensors Tl for the oxygen-
vacancy complex and the vacancy are shown. It can be

seen that the tensors are very similar. This is a further
confirmation that these tensors arise almost completely
from dipole-dipole interaction, the precise structure of
the defect being of minor importance.

The dipole-dipole interaction tensor for the nearest-
neighbor sites in the bc plane has also been calculated in
order to make, an assignment with one of the tensors
Mbcl-Mbc6. It is to be expected that either Mbcl, the
tensor with the largest contact hyperfine interaction, or
Mbc6, the tensor with the largest anisotropy, would be

TABLE VI. Comparison of calculated dipole-dipole interactions and experimental values for aniso-

tropic hyperfine interactions (in kHz). Expt. denotes the experimental values, pclxyzi are values calcu-

lated at sitelxyzl as a result ofpoint charges at four chain positions, and orb lxyzlarc values calculat-

ed for Slater-type orbitals with parameter values c,:1.87 and ao:1.6O (Ref. 22). e is the angle (in deg)

between the axial directiotts of culc.tlated at

Tensor Br Bz 83 e Remarks

Expt. Tl

pc t4ool
orb t4ool

Expt. Mbcl -153.1

pc IlllJ
orb t l lTl

Expt. MbcT 66.7

32.1 132.1

lltorll iltoTll
46.9 109.4

62.7 99.9

-227.0
il[or 1]

-17.6
- 88.2

48.4

llIol1]
32.1

35.3

49.g

ll[0] I ]
39.2

88.3

122.9

llIol1]
4l.l
7 5.3

17.7

ll[011]
16. I
20.3

0.0
0.0

380.1

202.3 4.5

346.1 1.5

- I 15.1

- 81.4 2.O

-82.2 0.0

294.5

174.7 I 1.6

167.1 8.6

19.6

I 12.8 3.1

133.5 7.0

43.4

22.2 4.8

25.0 4.0

a:565.7 kHz

a:2455.8 kHz

Ë."0,-Ëoru- [ol I J axial

a--1237.0kH2

a: -980.2 kHz

a- -903.3 kHz

a- -351.9 kHz

- 164.2

llt r00l

- 156.3

- 162.6

pc Í4221
orb l4z2l

Expt. Mbc3

- t84.7

-257.9

49.3

46.9

-344.5

-213.9
-255.4

- 153.9

- 208.8

pc [3 ll]
orb t3T t l
Expt. Mbc4 - 142.4

pc Í0221
orb Í0221

Expt. Mbc5 - 61.1

pc l42Zl
orb Í4221

Expt. Gl4

pc [T15 ]
orb tTtsl

-38.2
- 45.3

44.2

- ll[ 100]
47.0
45.3

30.0 -74.2
- ll[ooT] - ll[olo]

41.0 - 87 .9

36.7 - 81.8

0.4
2.0

a- -341.8 kH'z
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good candidates for this site. Comparison with the mea-

sured tensors shows that there is no real agreement with
any of them, but that Mbc I is the most probable one. If
we assume, however, that this dipole-dipole interaction is
a known contribution, we can subtract it to see what
remains. When the calculated result for Slater orbitals is
subtracted from tensor Mbcl, à more or less axial interac-
tion results, with its axis approximately parallel to [0] U.
This can result from the only symmetry-allowed admix-
ture: a p orbital along [011]. No other Mbc tensor gives

any reasonable result in this \ryay. Therefore, we are led
to the conclusion that tensor Mbc I should be identified
with atoms b and c. The large (positive) contact interac-
tion must again be understood as exchange core polarrza-
tion, especially important so close to the oxygen atom in
the center of the defect, where the unpaired spin density
is highest.

Four other Mbc-class tensors, Mbc2, Mbc3, Mbc4, and

4051

Mbc5, can be matched rather well to the lattice sites

14221, 13T t1, lo22l, and Í4221, respectively. From all
these assignments it follows that for most of the neigh-
boring atoms in the forbidden (011) mirror-plane, shown
shaded in Fig. g, the observed anisotropic hyperfine in-
teractions can be largely understood from dipole-dipole
interactions alone.

Finally, one gener?_l-class tensor, Gl4, can be assigned
tentatively to shell [ 1 15 ] in the same way. This tensor
has nearly tetragonal symmetry and is very similar to ten-
sor G26 of the negative vacancy. 8 In Fig. 1 I we show the
angle-dependent patterns of both tensors.

D. Comparison of tensors of O-V - with Y -

In Secs. III A and III C \rye showed that a number of
tensors of O-V - could be assigned to specific lattice sites,
either as forming part of a chain, or after calculation of

OXYGEN-VACANCY COMPLEX IN SILICON. I. 29Si

TABLE YII. Correspondence of hyperfine tensors of O-V- and Y-. Lattice-site assignments ac-

cording to chain or dipole-dipole (dip.-dip.) models are indicated. Several parameters as defined in ear-

lier sections are compared. e; is the angle (in deg) between the rth principal direction of O-V- and V-
(- is indicated if the direction is symmetry prescribed). Values for angles given in parentheses have no

significance in view of the almost perfect axiality of the tensor.

o-v- v- o o_r- /o r- b o_r- /b r- €1 €2 €3 Model, remarks

Madl Madl
MadT Mad2
Mad3 Mad3
Mad4 Mad4
Madí Mad5
Mad6 Mad6
MadS MadS
Mad9 MadlT
Madl3 Madl4
MadlS MadlT

Mbcl Mbcí
MbcT Mbc4
Mbc3 Mbcl
Mbc4 Mbc3
Mbc| Mbc4

TI TI

G6 G4

G7 G8

GIO G7

Gl l Gl7
Gt3 G18

Gt6 Gzl
Gt7 G20

2.8 chain-Z 12241
5.0 chain-2 [335 ]
4.0 chain-Z 14261
4.2 chain-2 [537]
6.9 chain-2 t6z8l
'7 .l dip.-dip. tTl5l
1.0 chain [Tl I ]
3.4 chain Í0221
4.5 chain tT33l
3.7 chain [044]
2.5 chain tT55l
4.1 chain [066]
4.0 chain lT77l
3.6 chain [088J
3.8 chain [Tgg]
4.6 chain [0 l0 10]

9.2 dip.-dip. [ 1T1]

0.1 dip.-dip . 14221
8.8 dip.-dip. [3T t ]
l|l dip.-dip. l0Z2I
5.7 dip.-dip. Í4221

dip.-dip. [400]

10.8 b /c =l
1.0 b/c=1.6

13.4 b /c =3
(21.4) very good axial lltlTll
(30.5) very good axial lltlï11
0.8 b /c =2.3
12.6 - [0Ï1J axial

GT

G2

G4

G5

G9

Gt4

MadT
Mad12
Madl6
Mad2o

GI
G3

G6
G10

Gls
G26

MadlO
MadlS
Madl5
Madl6

t.23
1.69

1.55

1.36

1.93

r.43

l. 16

0.78

0.86
1.30

1.01

1.10

1.06

1.30

1.03

1.26

12.o

- 5.90

o.47
1.09

- 1.68

0.85

0.62
0.80
0.40
1.45

1.08

0.gg
0.86

2.65

3.45

0.84
0.51

0.99

1.33

1.23

l.2r
1.30

t.0l

1.08

0.74
0.77

0.96
0.88

0.9s
0.86
1.04

0.93

1.03

0.28

1.g l
0.98

1.06

0.94

1.10

0.93"
0.90
1.40

0.95

1.10

0.88

r.64

0.69
1.24

0.86
0.80

2.8 l.l
5.0 1.2

4.t t.7
4.2 0.6
6.9 0.3

1.8 7.1

1.0

3.4
4,5

3.7

2.5
4.1

4.0
3.6

3.8

4.6

9.2

0.1

8.8

1.7

5,7

5.4 10.8

9.3 9.3

13.4 2.5

5.4 (19.1)

9.5 (3 1. 1)

2.2 2.2

12.6 14.9

2.'l
0.7

1.2

5.5

- [00J axial
b /c - 4, - [0] U axial
very good axial ll[1 I l]

2.7

0.7
1.2

5.5

"For choice lál < lcl (and consequently a /b> 0) for V-
b/c-7, - 2TTl axial
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dipole-dipole interactions. Most of them could be as-

signed to the same lattice sites for which proposals were
also made in the case of V- . A few V- tensors can now
be assigned afterwards because of their similarity with
O-V- tensors. First, tensor Mbc3 V- ) is similar to
Mbc4 (O- V- ) and matches the calculated dipole-dipole
interaction for shell t}22l rather well. Tensor Mbc4
V- ) shows some similarity with both Mbc2 and Mbc5
(O-V- ). Its experimental values are also in between
those calculated for the shells Í4221 and Í4221, so that in
this case no definitive conclusion can still be drawn.

All these identified tensors, together with their coun-
terparts of V- , are listed in Table VII. However, among
the remainitrg group of tensors that could not be assigned

to particular lattice sites y€t, there are a number that
show remarkable similarities with hyperfine tensors of
V- too. In particular, among some nonaxial tensors
similarities aÍe sometimes striking. This resemblance is

most easily seen by comparing their angle-dependent pat-
terns. 15' 18 Since these similarities may eventually help in
a further improvement of the theoretical understanding
of these defects, they have been collected and
parametrized in Table VII as well.

The large number of similarities between the hyperfine
interactions of V- and O-V- indicate that there is a

close resemblance between their electronic structures.
This means that the most important structural difference
between the two defects, the presence of an oxygen atom
in the core of O- V - , hardly influences the extended prob-
ability density of the paramagnetic electron. The only
hyperfine interactions which have been assigned to the
same lattice sites, but exhibit a marked difference' are

those for atoms b and c, Mbcí for Y- and Mbcl for
O-V- . These silicon atoms, however, aÍe the only ones

which are directly bonded to the oxygen atom in the case

of O- V- , so that a large difference is very much conceiv-
able. The admixed [0lll p orbital that resulted from our
analysis in Sec. III C, may contribute to this bonding.
TËe bonding will be of tr type, &s admixture of a similar
unpaired [Oítt p orbital is observed on the oxygen atom.e
For V- no such bonding is required. ConsequentlY, ad-
mixed [011] orbitals are lacking in that case.

rv. coNctusroNs
We presented results of a study of the oxygen-vacancy

complex in its negatively charged state using electron-
nuclear double resónance (ENDOR). The hyperfine in-
teractions between the unpaired defect electron and 50

shells of surrounding atoms have been determined. These
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shells contain 145 silicon atoms. Since in ENDOR exper-
iments the spatial extension of wave functions is probed,
this experiment has yielded very detailed information on
the electronic structure of the negative charge state of the
oxygen-vacancy complex.

The spin density of the unpaired electron is found to be
strongly confined to the (011) mirror plane of the two
dangling-bond neighbor atoms a and d. About SlVo of
the spin density is localized in the two semi-infinite
chains of atoms that lie zig-zag around the [011] direc-
tions through the center of the defect. Along these two

[01 1] chains of atoms, the measured \ryave function
itretches outwards over more than 19 À. The tensors
that measure the hyperfine interactions with the first ten
neighbors along these chains aÍe Madl-Mad6, Mad\,
Mad9, Mad 13, and Mad18. This assignment is rather re-
liable, as in experiments for defects like VY+, VV-, and
V- similar "chainlike" groups of atoms lvere found.
With V- there is even a one-to-one correspondence be-
tween the Mad-class tensors.

A second group of tensors from the G class was found
to exhibit a similar exponential behavior as the group of
Mad-chain tensors. The tensors of this group aÍe, apart
from a small shift of the isotropic part, very similar to a

group of G-class tensors that \ryas found for the negative
vacancy. For both defects, these "chains" of tensors
seem to "branch off' at the site of Mad3, (Tl3 ), and thus
give support to the importance of the so-called fifth-
neighbor interaction.

On the basis of a comparison of calculated dipole-
dipole interactions with experimental values, it was possi-

ble to assign seven hyperfine-interaction tensors to partic-
ular shells of atoms. All but one of these shells are in the
forbidden (011) mirror plane of the neighbors b and c.

The most important and also most reliable assignment
was made for tensor Tl. The assignments of the tensors
Tl, Mbc3, Mbc4, and Gl4 aÍe, moreover, supported by
the fact that, for the vacancY, eguivalent tensors could be

found. This again is strong proof for the similarity be-

tween the two defects. The assignments of the tensors
Mbc2 and Mbc5 are somewhat more tentative.

The studies of Y- and of O-f/- have shown that both
defects have in common some very remarkable features
that are a direct consequence of their electronic struc-
ture. At firSt sight, it seems a hopelessly complicated
task to give a theoretical explanation of the complete
electronic structure of these two defects. Yet, our
ENDOR studies indicate that it is probably very well
possible to deal with some features separately.
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