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THE NEGATIVELY CHARGED VACANCY IN SILICON:
HYPERFINE INTERACTIONS FROM ENDOR MEASUREMENTS
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The negatively charged lattice vacancy V- was produced in p-type aluminum doped
silicon by 1.5 MeV electron irradiation at temperatures below 20 K. The Si-G2
EPR spectrum, which is associated with the negative charge state of the lattice

vacancy, was 1investigated by electron
interactions between the unpaired defect electron and

nuclear double resonance. Hyperfine
Si nuclei on various lat-

tice sites with respect to the vacancy were determined in order to obtain
detailed information about the electron wave function. By symmetry, there are
four classes of lattice sites around the vacancy, therefore there are four dis-
tinguishable classes of hyperfine interaction tensors. Values for the contact
term of the hyperfine interactions are reported for 27 shells containing 73
atoms. The one-electron LCAO scheme to describe the electron wave function is
discussed. Also, the extension and shape of the defect electron distribution is

discussed in an empirical manner.

1. INTRODUCTION

Among all the known defects in silicon the
vacancy has probably received the greatest
interest over the last 20 years, as well in
experimental as in theoretical physical
research. The vacancy is an important defect as
it is in fact one of the two primary defects in
the irradiation damage process. Moreover it 1is
one of the simplest defect structures in the
diamond lattice to perform calculations on.

Back in 1965 Watkins identified the EPR
spectra Si-G1 and Si-G2 with the vacancy in its
positive and negative charge state, respectively
[1]. More recently insight was gained in the
level structure of the various charge states of
the vacancy by EPR and DLTS measurements
[2,3,4]. Especially the negative-U character of
the charge states , and VO gained much
attention. Also in recent years important pro-
gress was made in the development of new
theoretical techniques such as the selfcon-
sistent pseudopotential Green’s function method
[5,6].

In this paper we report electron nuclear
double resonance (ENDOR) measurements on the EPR
spectrum Si-G2, associated with the vacancy in
its negative charge state (V~). The ENDOR tech-
nique can be used to obtain very accurate values
for the hyperfine interaction parameters with a
large number of Si nuclei on 1lattice sites
surrounding the vacancy. As these hyperfine
interactions reflect the local density distribu-
tion of the unpaired defect electron, informa-
tion on its wave function is obtained.

In section 2 a short description of our
experiments is given, in section 3 we present
the isotropic parts of the hyperfine interac-
tions for 27 shells of lattice sites, containing
73 atoms. Section 4 is attributed to a discus-
sion on the implications of our results for the
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‘'LCAO scheme commonly used for description of the

vacancy. Also in section 4 a discussion is given
on the possible extension and shape of the elec-
tron wave function.

2. EXPERIMENTAL

As vacancies in silicon are highly mobile
at room temperature, the sample has to be kept
at low temperatures during irradiation and meas-
urements.

We produced vacancies by irradiation of 0.9
Qcm aluminum doped float-zone silicon, contain-
ing 2 x 1016 Al.cm’3, with 1.5 MeV electrons at
temperatures below 20 K to a fluence of 10

071

Fig.1. Model of the negatively charged vacancy
in orientation ad. The magnetic field can be
rotated in the (0T1)-plane.
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electrons.cm™2. After the irradiation V- was the
stable charge state of the vacancy in a concen-
tration of about 10 .cm” as well before as
after a 30K anneal.

EPR and ENDOR measurements were performed
using a superheterodyne spectrometer operating
at 23 GHz. The magnetic field could be rotated
in the (0T1) plane of the silicon sample. Best
results for ENDOR were obtained at a temperature
of 18 K, using a double phase sensitive detec-—
tion at the frequencies of 83 Hz for the EPR
magnetic field modulation and 3.3 Hz for the
square wave modulation of the RF-field for
ENDOR. Except for the cryostat most of the
experimental set-up was equal to that used by de
Wit [7] and Sieverts [8].

3. OUTLINE OF EXPERIMENTAL RESULTS

The EPR and ENDOR spectra of the vacancy
are accurately described by the spin Hamil-
tonian:

H - wBg8+ : BT - guBT) M

The first term 1is the Zeeman interaction
between the unpaired defect electron g (s=1/2)
and the magnetic field 8. The summation runs
over lattice sites: X} is the hyperfine tensor
of the interaction of the defect electron with
the nuclear spin T (1=1/2, 4.7% abundant) of a

Si nucleus at site 1 . The second term in the
summation is the nuclear Zeeman term. The EPR
transitions are defined by Amg=+1, Amy=0, the
ENDOR transitions by Amy=%1, Amg=0.

Fig. 1 shows a model of the vacancy in one
of its six possible orientations. This orienta-
tion, denoted by ad, is our standard orientation
to which all orientation—-dependent information
refers. The symmetry of the g-tensor is 2mm,
having 3 independent parameters. The symmetry
of the A-tensor, being the symmetry of the sys-—
tem (vacancy plus Si atom at site 1) depends
on the location of the magnetic nucleus with
respect to the vacancy. It is 2mm for sites on
the twofold axis of the vacancy (tensors of
twofold-axis class T), m for sites in one of
both mirrorplanes (mirrorplane class tensors Mad
or Mbc) and 1 for sites in none of the mirror-
planes (general class tensors G). Properties of
these four tensor classes are given in table I.

Table I. Properties of the different types of
hyperfine tensors and associated shells for the
vacancy V~. Ny¢= number of atoms per shell.
Ne1= number of independent tensor elements.
Atom positions refer to orientation ad.

Class Symmetry Ngj Na¢ Atom positions

T 2mm 3 1 [100]-axis
Mad m 4 2 (011)-plane
Mbc m 4 2 (011)-plane
G 1 6 4 others

The nuclear Zeeman interaction is isotropic and
described by 1 parameter.

Parameters were determined by computer
diagonalisation of the 4 x 4 Hamiltonian and
fitting in a least squares program. From EPR
data first the g-tensor was fitted, giving
g1=2.0151, g=2.0028, and g3=2.0042, in close
agreement with Watkins’ values [1]. The nuclear
Zeeman interaction parameter was determined to
be 8.4592 MHz.T'l, also by computer fit of one
specific hyperfine tensor of which the ENDOR
transitions were measured for both mg=+1/2 and
mg=-1/2 . 1In order to fit the hyperfine tenmsor
elements, these electronic and nuclear g-values
were kept constant. Only the high frequency
ENDOR transitions were used. In all cases fits
were achieved to within half of the linewidth at
half height, mostly better. Linewidths ranged
from 1.5 kHz for the smaller hyperfine interac-—
tions to 60 kHz for the largest, Madl at fre-
quencies of 160 - 200 MHz. This tensor is the
one that can be determined in EPR also, with
much less accuracy [1].

Fig.2 shows an example of an ENDOR spec-—
trum, clearly showing the symmetry around the
nuclear Zeeman frequency v,, which is about 7
MHz for our values of the magnetic field. This
spectrum shows the resolving power of ENDOR,
however our signal to noise ratio was better in
most cases than in this extremely compressed
spectrum.

So far 27 hyperfine tensors have been
unraveled. Values for the isotropic part of the
hyperfine interactions aj are listed in table
II. These isotropic parts originate from the
Fermi contact interaction:

a, = 8/3nguBgNuNl¢(?i)!2 (2)

giving a relation with the probability density
of the defect electron on_ the nuclear site 1.
Thus, the value l¢(?i)l 2 can be calculated
numerically from:

a,0mz) = 131.928x [u2D|> @ . @

Table II. Isotropic parts of the hyperfine
interaction tensors ay=1/3 Tr( x} ). Enumeration
is in decreasing magnitude of aj. Units are MHz.

Number G Mad Mbc T
1 13.359 355.845 2.106 0.666
2 7.963 50.203 1.998
3 4,844 30.521 0.830
4 2.705 13.468 0.203
5 2.062 6.319
6 2.020 3.077
7 2.005 2.375
8 1.752 1.520
9 1.390 1.184

10 1.381 1.072
1 1.063
12 0.813
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Fig.2. Endor spectrum for vacancy orientations ad and bc, with the magnetic field B=827.82 T
parallel to [100], demonstrating the symmetry around the nuclear Zeeman frequency, v,=7.0027

MHz.

As an illustration of the properties of the
hyperfine tensors figures 3 to 6 show the angu-
lar dependence of the largest tensor of every
class (Madl, Gl, Mbecl, T1). Plotted is the
quantity v-v,, with v the ENDOR frequency, cal-
culated with the fitted parameters and v, the
nuclear Zeeman frequency. These values are, to
first order, equal to lﬁ.ﬁﬁg, with B a unit vec-
tor in the direction of the magnetic field, so
that these plots give in fact the angular depen-
dence of the hyperfine interactions. Tensors
Madl and Gl clearly show nearly <l111>-axial sym-
metry, whereas the others do not.

4. DISCUSSION

The first point to be discussed is the mere
existence of contact hyperfine interactions with
atoms in the plane of the atoms b and c¢ for
vacancy orientation ad.

In the one-electron LCAO molecular orbital
model commonly used for description of the elec-
tronic structure of the vacancy [1,9], the
unpaired electron of V™ has a by type wave func-
tion. Considering only the dangling bonds of the
four nearest neighbours a,b,c and d this LCAO
wave function is a-d. Fig.7(a) shows the level
scheme and wave functions of the vacancy in this
LCAO model. However, an electron in the by level
has a wave function which is antisymmetric with
respect to reflection in the plane of b and c.
This requires a vanishing electron density
‘¢(?1)|2 on sites in this plane. As can be
inferred from the existence of hyperfine tensors

of classes Mbc and T with a#0 this is clearly
not the case, although they are small compared
to the largest interactions of the classes G and
Mad.
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Fig.3. Angular dependence of the largest hyper-

fine tensor of the class Mad. This interaction
has nearly <111>-axial symmetry.
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To allow for non-zero contact hyperfine
interactions on all atom sites in the one elec-—
tron model a wave function of symmetry type a
is required. This is the only symmetry type
within the pointgroup 2mm in which s-type orbi-
tals can exist on atoms in both mirrorplanes and
on the twofold axis. In the usual energy level
diagram, fig.7(a), the ground state is by. How-
ever, an alternative level ordering, as 1in
fig.7(b) may be considered. In this case a
larger shift of the by level due to the trigonal
distortion is assumed. This large effect of the
trigonal distortion, compared to the effect of
the preceding tetragonal distortion, is in fact
corroborated by estimates of the corresponding
Jahn-Teller energies [10]. The effect of the
trigonal distortion is estimated to be about
equal to that of the tetragonal distortion. As
a consequence of the one-electron ground state
of fig.7(b), the electron occupies the aj level
corresponding to the molecular orbital at+d. To
this state an admixture A(b+c) of the other a;
state can exist. The full wave function
a+d+A(b+c) then allows for an adequate descrip-
tion of the contact hyperfine terms. Assuming
for the moment that tensor Mbcl 1is associated
with the shell of atoms b and c one estimates
A=0.07.
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Fig.4. Angular dependence of the largest gen-—

eral class hyperfine tensor Gl. This interaction
has nearly <111>-axial symmetry.

An alternative explanation can be found by
considering the effect of correlation, which
goes beyond the one-electron description. The
ground state of the 5-electron system V- is
given by the configuration (ai;iafifbl), where
the bar denotes antiparallel spin. This
corresponds to a “By state. The other configura-
tions with the same symmetry are (ajajbybyby),
(afafb]bzﬁz) and (ajajbybyby). By configuration

interaction these excited states will mix in to
the ground state. Of these only the third has a
non-vanishing spin density at the mirrorplane
bec. In this concept, the contact terms of the
tensors of type Mbc are a measure of correlation
effects. Experimental values in table II show a
fairly small contact term for class Mbc compared
to class Mad. Therefore the effect of correla-
tion on the wave function is small. This can be
an explanation for the success of the one-
electron treatment.
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Fig.5. Angular dependence of the largest tensor
of class Mbc.
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Fig.6. Angular dependence of the largest hyper-
fine tensor of class T.
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Fig.7. (a) LCAO level scheme of the vacancy in its various charge states from [9].
(b) as in (a), assuming that the trigonal distortion of V~ is so large, that the by level
lies under the aj—level.
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Fig.8. Hyperfine interactions of the negatively Fig.9. As fig.8, for distances of the atoms
charged vacancy in silicon, converted to values along a [011] chain.

for the wave function, plotted against distance
from the vacancy. Full lines are approximations
with exponential decrease.
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Table III. Parameters of the function A2e—2r/ro’
fitted to the values of |((2)|? of the vacancy
and divacancy in silicon.

Defect Type of shell A2 (2'3) ro (X)
' Mad 10 2.4
' Mbc 0.1 3.0
' G 0.6 3.2
V- MadT 3.3 4.7
A M 2 3.0
LA G 1.1 2.6
vvt M 7 1.9
vt e 4.3 1.9

t assuming the atoms along the [011]-chain, see
text.

A second point of discussion is the spatial
extension of the electron wave function. An
important objective of measuring Thyperfine
parameters by ENDOR is to bring about a complete
assignment of hyperfine tensors to shells of
lattice sites. Apart from the classification of
tensors in classes, the experimental results
give no further direct clues to the solution of
this problem. Support has to be obtained from
theoretical considerations, but at this moment
sufficiently detailed results are not available.
Nevertheless, some general picture of the wave
function can be given. In fig.8 we plot the
probability density |¢(?i)[2 as a function of
distance r, assuming for the moment that the
distribution of hyperfine tensors over lattice
sites 1s such that the wave function decreases
monotonously with the distance. An analysis in
the same spirit was given for the divacancy by
Sieverts, who also discussed the validity of
this empirical treatment [11].

An important point which emerges from this
picture is that the probability density in the
plane of atoms a and d is much larger than out-
side this plane. The experimental data points
are fitted with the purely empirical assumption
of exponential decrease. The parameters A“ and
r, of these fits are 1listed in table III,
together with the parameters one obtains when
fitting the data of the divacancy to this func-
tion [7,8,11]. It is important to notice that
the "extent" r, of the wave function of V™ is
comparable to the case of VV™, whereas the con-
finement of the wave function to the Mad plane
of the vacancy as reflected in A2, tends to be
much stronger than to the M plane in the case of
\'AANN

Another approach could be to follow the
suggestion of Sieverts [11], that the electron
is localised not just in the mirrorplane, but
especially along the chain of atoms pointing
from the vacancy in the [011] direction. When
plotted against the distances of the atom posi-
tions along this chain the tensors Madl - Madé
show a surprisingly good exponential decrease.
Moreover also the tensors Mad8 and Madl12 fall omn
the line if we assume them to belong to the
seventh and eight lattice site in this chain as
is shown in fig.9. Another argument to choose
just Mad8 and Madl2 is that the complete hyper-
fine data of Madl - Mad6é, Mad8 and Madl2 are all
very similar, in contrast to the other Mad ten-
sors. (These data will be published shortly in
a more comprehensive publication). In this pic-
ture a wave function emerges which is even more
delocalised, though just in one particular
direction in space. Parameters of a fit to
exponential decrease under this assumpion are
also given in table III.
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