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Electron paramagnetic resonance on iron-related centers in silicon
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The behavior of interstitial iron in high-resistivity dislocation-free silicon has been stud-

ied by annealing and by electron irradiation and subsequent annealing. Annealing of
iron-doped samples at temperatures above 120'C yielded one, new electron paramagnetic
resonance (EPR) spectrum labeled Si-NL22. For the corresponding center we suggest a
cluster of four iron atoms in a trigonal arrangement. Irradiation at about 20'C yielded

many new EPR spectra, part of which are related with iron. One center with only one

iron atom in trigonal symmetry was identified. Its spectrum is labeled Si-NL19. As a
model we propose a (111)-distorted substitutional iron atom. Four centers involving two

equivalent iron atoms are formed. The spectra and tentative models are Si-NL20
=(2Fe;+V), Si-NL21=(2Fe;+2V)+, Si-NL24=(2Fe;)+, and Si-NL25=(2Fe;+ V)+.

Many spectra without resolved hyperfine interactions with iron were observed. Only one

of these spectra was analyzed. This spectrum, labeled Si-NL23, has only triclinic symme-

try. The formation of iron-iron pairs and the disappearance of isolated interstitial iron

during irradiation at only 20'C shows that iron is subject to radiation-induced diffusion.

From our study we conclude that in the absence of dislocations or acceptors as precipita-

tion centers, isolated interstitial iron does not become substitutional during annealing. In-

stead it forms pairs and eventually larger clusters.

I. INTRODUCTION

Iron is a fast-diffusing element in silicon. The
diffusion coefficient at 1200'C is about 7X 10
cm /sec; at 900'C it is still 10 cm /sec (Ref. 1).
Because of this very high diffusion coefficient, it is
difficult to prevent iron contamination during heat
treatment at high temperatures. ' The solubility
as a function of temperature is given by Weber and
Riotte; at 1200 C it is about 1.5&(10 cm, at
900 C it is only 3)(10' cm

The preferential position of iron is the tetra-
hedral interstitial site. This follows from the high
diffusion coefficient, from results of a simultane-

ous neutron activation analysis and EPR experi-
ment and from the electronic model of Ludwig
and Woodbury for substitutional and interstitial
transition-metal impurities in silicon. ' By
quenching from high temperatures to room tem-
perature, the iron can almost be immobilized in the
interstitial site in concentrations up to about
1.5 g 10' cm

Interstitial iron, Fe;, has a donor level in the
band gap at E„+0.4 eV (Refs. 7,8). Fe,. and Fe+;

are paramagnetic. Fe,. has an effective spin S=1,
a g value g=2.070, and a hyperfine splitting with

Fe of 20.94 MHz. Fe+ can be described with an
effective spin S = —,, g= 3.524, and a hyperfine

splitting of 8.949 MHz (Ref. 9). In low-resistivity

p-type material no resonance of Fe+; is observed.
Probably Fe; is in the doubly-positive charge state,
although no EPR resonance which can be associat-
ed with Fe;+ is observed.

After slow cooling from high temperatures, no
isolated interstitial iron is present. The concen-
tration of interstitial iron decreases after long
storage at room temperature or after annealing at
120—170'C with an activation energy 0.7—0.8 eV
(Refs. 10 and 11). The mechanism of the anneal-

ing is not yet completely understood. The various
possibilities which have been suggested are the
deposition on dislocations, '" the conversion to
substitutional iron, ' the formation of iron-acceptor
pairs, ' and the clustering of iron (this paper).
EPR measurements confirm the existence of iron-
acceptor pairs. Ludwig and Woodbury identified
the iron-boron, iron-gallium, and iron-indium
pairs. Recently also the iron-gold pair was ob-
served in EPR. ' ' Resistivity and Hall measure-
ments show the appearance of several levels upon
the annealing of the E„+0.4 eV level, mostly one
at E, —0.55 eV (Refs. 17 and 18). A review is
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given by Chen and Milnes. ' The relation of all

these levels with iron is not yet clear.
In this paper we report an EPR study of the

behavior of interstitial iron in silicon. In order to
study the interaction with vacancies, interstitials,
and charge carriers, samples were irradiated with
1.8-MeV electrons and subsequently annealed. For
comparison samples were annealed which had not
been irradiated beforehand.

II. EXPERIMENTAL PROCEDURE

In order to dope silicon with iron, samples with
dimensions of 2)&2)&20 mm were cleaned and
covered with a solution of iron (natural or enriched
to 90% Fe) in HCl. After drying, diffusion took
place at 1200'C. Half an hour is sufficient to
reach the maximum concentration of natural iron.
However, to obtain an enrichment of 90% about
16 hours turned out to be necessary, probably be-

cause of the presence of natural iron contamination
present in the silicon starting material. After slow

cooling in order to prevent cracking, the samples
are cleaned and heated again to 1200 C for about
30 minutes and quenched in water to bring the
iron atoms into the interstitial position.

The concentration of iron and the enrichment
with Fe were checked with the electron spin reso-
nance of Fe, . The angular dependence of the
linewidth was used to monitor the internal
stresses. Prolonged etching between all diffusion
steps and after irradiation turned out to be essen-
tial to prevent internal stresses.

Three different types of float-zone, dislocation-
free, Wacker WASO silicon were used as starting
materials. They will be characterized by the type
(p or n), the dopant (B or P), and the resistivity in
0cm: pB800, nP118, and nP8.2.

Irradiations were performed with 1.8-MeV elec-

trons from a Van de Graaff accelerator at 290+20
K; the dose varied between 2g 10' and 10'
e/cm . Via a cold tip the sample was cooled with
liquid nitrogen.

EPR experiments were performed in a su-

perheterodyne E-band (23 GHz) spectrometer
tuned to dispersion. The spectra were observed
with a modulation field of -0.01 mT, a modula-
tion frequency of 80—85 Hz, and a microwave
power of -3 pW. The scan rates varied between
0.2 and 10 mT per minute. Mostly the tempera-
ture of the sample was 1.4 K, sometimes tempera-
tures up to 6 K were used.

III. ANALYSIS

The observed spectra were analyzed in terms of
a spin Hamiltonian. All various spin Hamiltoaians
are given in Table I (see also Ref. 21). Only if the
spectrum could be described with an effective spin
S=—,, an analytical analysis was possible. In all

other cases the aid of a computer was indispens-
able. An extensive multipurpose Fortran library
(based upon the routine ZXSSQ from the Fortran li-
brary IMSI.) was written by G. M. Tuynman to deal
with all problems involved in the analysis of reso-
nance spectra. Details of the analysis will be
treated separately for each spectrum.

IV. EXPERIMENTAL RESULTS

A. General

Upon annealing of iron-doped samples at tem-
peratures above 120'C one, new spectrum labeled
Si-NL22 is formed. Upon irradiation of iron-

doped samples, many different new spectra are
formed, labeled Si-NL19, 1VL20, XL21, EL23,
NL24, and XL25. The occurrence of all these

TABLE II. Occurrence and stability of the observed spectra. + + strong, + present,
—not observed, "produced without irradiation.

Starting
material NL19 NL20 NL21

Spectrum
NL22" NL23 NL24 NL25

p8800
nP118
nP8. 2
Stability ( C)+20
Number of
iron atoms

+ +
+ +
+ +
160
1

+ +
+ +
+ +
160
2

+ +
+ +

250
2

+
+
+

250

+ +
+ +
++
60
2

+
+
+
150
2
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spectra in different starting materials and the sta-
bility upon annealing are given in Table II. In this
table the number of equivalent iron atoms as de-
rived from the observed hyperfine interaction also
can be found.

Upon irradiation and subsequent annealing,
many more resonances arose. Most of them did
not show resolved hyperfine interactions, but some
of the weaker lines also showed a hyperfine in-
teraction with two equivalent iron atoms. Owing
to occlusion by other lines these resonances could
not be analyzed. Because of the abundance of res-
onances we had to restrict ourselves to the analysis
of interesting spectra, i.e., spectra showing hyper-
fine interactions or very strong spectra.

In the next sections many plots of the magnitude
of the magnetic field against its direction are
shown. These plots were calculated using the
parameters in Table I, a microwave frequency
v=22.8722 GHz, and a magnetic field B in the
(011) plane. During the actual measurements the
magnetic field was not always exactly in the (011)
plane due to slight misorientations of the samples.
In those cases lines which are due to several other-
wise equivalent orientations of the center are split,
but the average position is a good approximation
for the line position with B exactly in the (011)
plane. The deviation of the measured or averaged
position from the calculated positions (using the
actual microwave frequency) was always from less
than 4 mT for the anisotropic parts of the spectra
to less than 1 mT for the isotropic parts. In the
case of NL19, NL20, and NL22 these errors were
even less than 2 mT and 0.5 mT, respectively.

The different orientations of a (111)axial
center corresponding with a spectrum are labeled
with the letters a, b, c, and d which denote the
four (111)directions: [111],[111],[111],and

[1 1 1].
All iron-related spectra turned out to be very

sensitive to internal stresses. These cause severe
line broadening.

B. Spectrum NL19

The angular-dependent pattern of the resonances
belonging to spectrum NL19 is shown in Fig. 1.
This pattern can be analyzed with a spin S=—, and

the spin Hamiltonian and parameters in Table I.
The sign of D was derived from the relative inten-
sities of different transitions at temperatures be-
tween 1.4 and 6 K..

In Fig. 2 the line shape of transition 2~3 (the

[&00] [211] till] to»]
goo

[ & I I I I I I I I

1200-

1000-

—3-4
-2-3

800-

E

3-4
1-2

600-

2-4
1-3

400-

—2-4

—1-3

200-
Q bc

0 I I I ( I I o I I

0 30 60 90

FIG. 1. Calculated angular dependence of spectrum
NL19 with v= 22.8722 GHz. The dashed part of the
pattern was not actually observed.

energy levels are numbered in order of increasing
energy) is shown for some directions of the mag-
netic field. Only the lines of orientation d with B
nearly parallel to [111]and of orientation a with B
about 12' out of the [100] direction have a distinct
structure [Figs. 2(a), 2(b), and 2(c)]. All other lines
were broad and generally asymmetric, like the lines
shown in Figs. 2(d) and 2(e). Comparison of Fig.
2(a) and Fig. 2(b), showing the same line in sam-
ples with a different Fe concentration, clearly
shows the presence of one Fe nucleus. From the
splitting of this line the value of A ~~(~ Fe) was
determined. The positions of the outer lines of
Fig. 2(c) determine Aq. Using an isotropic nuclear

g factor we could not explain the further hyperfine
structure. The appearance of the central line in
Fig. 2(c) (consisting of the two "forbidden"
h, ml ——+1 transitions superposed on the reso-
nance of 15% Fe) determines gN . An anisotro-

pic nuclear g tensor represents a pseudonuclear
Zeeman effect. This term arises from the inAu-
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FIG. 2. Line shapes of spectrum F19 for various
resonances of transition 2+ 3 with v=22. 8722 6Hz and
a sample temperature of 1.4 K.

ence of excited electronic states and can be derived
from cross terms between the electron Zeeman in-
teraction and the hyperfine interaction. 23 2 Wood-
bury and Ludwig showed that for a (111)axial
system with S=—, and a large zero-field splitting

3
the infiuence of the ms ——+ —, states upon the

m~ ——+ —, states yields a nuclear g tensor with

g~ii=g~ ——0.18 (the normal nuclear g factor for
Fe), while gz may be quite different.

The asymmetric line shape, Figs. 2(d) and 2(e),
can be ascribed to an isotopic D shift. Calcula-
tions showed that the directions and order of mag-
nitude of the asymmetry are correct if D( Fe) is
about 1.0005 times D( Fe). This D shift of
—5)& 10 is large compared to the other known D
shifts in silicon, found for spectrum 029 corre-
sponding with Sn in a divacancy. ' The D shift
for this heavier atom is only 1)& 10 per unit
atomic mass difference. The D shift of the six
near-neighbor silicon atoms of the Sn atom is
—0.67& 10 per unit mass. However, for a
titanium-related center in 6H-SiC, an even larger D
shift of 5X 10 per unit atomic mass was ob-
served. Because EPR spectra of XL19 were not
observable at temperatures above about 8 K, the
phenomenon of the change of D with temperature,
which is related with the isotope effect, could not
be observed.

It is remarkable that the angular dependence of
the line broadening does not show (111)axial
symmetry. Probably this effect is due to the infiu-
ence of the internal stresses upon the linewidth.
An experiment with uniaxial [011]stress showed
that the lines are indeed very sensitive to stress. A
stress of only 1 kg/mm (10 MPa) already
broadened the EPR lines severely. Under these cir-
cumstances most lines were broadened by about a
factor of four, but for some directions and orienta-
tions the lines broadened less. In particular, the
sharp lines of Fig. 2(a) broadened only 1.3 times by
this external stress. The average distribution of
internal stresses is not necessarily (111)axial and
might account for the observed angular depen-
dence.

Altogether we cari understand the line shapes of
transition 2~3 of spectrum XL19 in detail with:
(1) the parameters of Table I, taking into account
the calculated transition probability, which is espe-
cially strongly angular dependent for the "forbid-
den" hyperfine transitions, (2) a zero-field splitting
with a relative difference of 0.05% between Fe
and Fe, and (3) a stress-induced line broadening
which is not (111)axial. The line shapes of those
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FIG. 6. Calculated angular dependence of spectrum
NL21 with v= 22.8722 GHz.

600-

metry. The spectrum could be analyzed with
S=—(Table I). An analysis with S=—,, a large2

zero field splitting and g values close to g=2 is
aso pl o possible. However, in this case we are eft

h-with too many degrees of freedom, even if fourt-
order terms are excluded, so that g and D can not
be determined unambiguously. The parameters for
a specific more or less arbitrary choice (Os ——8D)
are given in Table I.

The hyperfine interaction with two equivalent
Fe nuclei is shown in Fig. 7. The intensity ratio

of the well-separated lines yielded a more accurate
determination of the Fe enrichment than the
determination from the common interstitial iron
h erfine lines which always have some overlap.ype
The hyperfme tensor (Table I) is dependent on the
choice for S and the specific restrictions on the
parameters. For S=—, it is not necessarily isotro-

p1c.

373 374

Magnetic field [rnT}

FIG. 7. Lineshape of spectrum NL21 in a sample
with 89% Fe. Spectrum for orientation da with B 0.5'
out of the [100] direction in the (011) plane, v=22.8722
GHz, and a sample temperature of 1.4 K.

400
0

1 I / 1

30 60 90

FIG. 8. Calculated angular dependence of spectrum
NL22 with v= 22.8722 GHz. The dashed part of the
pattern was not actually observed.

E. Spectrum NL22

The calculated angular dependence of the ob-
served transitions of spectrum NL22 is shown in
Fig. 8. The spectrum can be analyzed with S=4
and the spin Hamiltonian and parameters in Table
I. The presence of the term with the parameter 6
is not very significant. Even if we do not incor-
porate this term in the spin Hamiltonian, the fit is
nearly as good as the accuracy of the data points.
More accurate measurements (more points at a
slower scan rate) would give a decisive answer
about the significance of this (and other) sixth-
order term in the spin Hamiltonian as given by Or-
bach The relative signs of the parameters D, a,
I', and G are determined by the angular pattern.
The absolute signs were derived from the relative
intensity of the different transitions at different
temperatures.

Owing to the Boltzmann factor the highest ener-
gy levels, labeled 7, 8, and 9 when the levels are
numbered in order of increasing energy, are hardly
populated and no resonances between these levels
were observed. The calculated transition probabili-
ties for transitions 1++3, 2=:~, . . ., 7++9, 1= =,

, etc. turned out to be very low and we did
not observe any of their resonances.

The lines of NL22 showed no resolved hyperfine
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interactions. The typical line width 48~~2 of the
various transitions was 0.7—1.0 mT, both in sam-

ples doped with Fe and with Fe.

[100]
1100

[211],[111], [011]

F. Spectrum NL23
900-

G. Spectra NL24 and NL25

Apart from the resonances belonging to NL20
and NL21 many other lines showing a hyperfine
interaction with two equivalent iron atoms were
observed. These resonances showed a strong

[100]
1000

[211] [111] [011]

The complicated pattern of resonances of spec-
trum NL23 (Fig. 9) arises from a center with tric-
linic symmetry. The actual pattern was even more
complicated than the calculated pattern in Fig. 9
because all lines were split into two lines due to a
slight misorientation of the sample. In that case
all 24 possible defect orientations give rise to
separate resonances.

The spin Hamiltonian and parameters for a
description with an effective spin S=—, are given

in Table I. Frobably in this case a description with
a higher spin, a large zero-field splitting, and g
values close to g=2 is also possible, but this was
not tried.

The lines of the spectrum showed no resolved
hyperfine interactions. They had a line width

Mi~q of about 0.3 mT.
For this spectrum no model will be proposed.

700-

500-

300-

0 30
' o

60
I

90

FIG. 10. Calculated angular dependence of spectrum
NL24 with v= 22.8722 GHz. The dashed part of the
pattern was not actually observed.

dependence of both their intensity and their hyper-
fine splitting on the magnitude of the magnetic
field. At high fields the lines are strong and well
resolved. At low fields the lines are weak and it
becomes difficult to observe their structure. The
stronger spectrum NL24 nevertheless could be ob-
served for most directions of 8, but spectrum
NL25 was obscured by other spectra for directions
of 8 within 50' of the [100] direction.

It was found that the lines could be grouped
with two or four lines together to form the two
patterns shown in Figs. 10 and 11. The symmetry
of these patterns is 222(Dz). The actual symmetry

800-
[11 1]

800
to»]

600- 600-

400- 400-

I 0 I I

60 90

I I l I I ( 0 l

0 30 60
I

90

FIG. 9. Calculated angular dependence of spectrum
NL23 with v= 22.8722 GHz.

FIG. 11. Calculated angular dependence of spectrum
NL25 with v= 22.8722 GHz. The dashed part of the
spectrum was not actually observed. For 0'&0& 50' the
spectrum was obscured by other spectra.
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of the centers corresponding with NL24 and NL25
must be lower [probably 2(C2)] because 222 sym-
metry yields only three different orientations while
ten different lines were observed. Point-group
symmetry 2 gives 12 different orientations of
which six pairs coincide in the (011) plane. Be-
cause the deviations from 222 symmetry are only
small and because we could not separate out the ef-
fect of misorientation, we only tried to analyze the
average positions of the groups of lines which are
close together, with a spin Hamiltonian of symme-

try 222. The distance between the actually mea-
sured resonances and the average positions were up
to 10 mT for both spectra.

The result of an analysis with S=—, with all

symmetry-allowed parameters is given in Table I.
The last term in the Hamiltonian corresponds to
T42+ T4 2 given by Huang et al. ' Other fits to
different data sets yielded values for the parame-
ters which were different from the values in Table
I by 10 to 50 times the given error. Nevertheless,
the fits as a whole were just about as good in all
measured points. This means that in fact we do
not need all eight parameters but we can not make
a meaningful choice among them. The deviations
of the experimental data for these spectra are
larger than those of NL19 to NL23. Altogether,
the fits of NL24 and NL25 are not very satisfacto-
ry. We also tried to analyze the data with dif-

11
ferent spins up to S=—, but no fits were found.
Besides the hyperfine interaction with Fe also hy-

perfine interactions with two and with eight
equivalent Si nuclei were observed for NL24. We
did not try to analyze the hyperfine tensor.

V. DISCUSSION

A. General

The formation of iron-iron pairs and the fast
disappearance of interstitial iron during irradiation
at 20'C is remarkable because noteworthy thermal
diffusion of iron requires temperatures above
100'C. The observed disappearance of the Fe, res-
onance is not due to a change of the Fermi level.
Otherwise we should have observed a strong Fe+;

resonance, which was not the case. We must
therefore conclude that most iron is no longer sing-

ly interstitial after irradiation. Only part of it is
traced in spectrum NL19 and in the pair spectra
NL20, NL21, NL24, and NL25. The remaining
portion is incorporated in centers which are not

observed in EPR. In all, approximately a concen-
tration of 10' iron pairs per cm is observed after
an irradiation dose of 10' clem . The concentra-
tion of nearest- and next-nearest neighbor iron
pairs in a sample with a random concentration of
1.5)&10' cm is less than 10" cm . This
means that during an irradiation of about 15 min
at 20'C iron atoms must have diffused over an
average of at least 150 atomic distances. Thermal
diffusion over such distances requires a tempera-
ture above 120'C. Even during the irradiation the
sample temperature was even locally always below
60'C, as is shown by the presence of spectrum
NL24, which is only stable up to 60'C.

An explanation of the required diffusion dis-

tance can be found by assuming radiation-induced
(or enhanced) diffusion (RID). The existence of
RID has not yet been reported for iron before. For
the transition metals Co, Cu, Ni, and Zn in silicon
this phenomenon has been observed, however.
Our experiments are not and were not meant to be
sufficient to draw any conclusions about the
mechanism of the RID.

Because none of the NL spectra produced in ir-
radiated material is observed in samples which
were only annealed we assume that these spectra
arise from centers involving one or more vacancies
or silicon interstitials. For spectrum NL24 this ar-
gument does not apply. This two-iron center,
formed during the radiation-induced diffusion at
20 C, is only stable up to about 60'C. Thermal
diffusion of iron, however, requires temperatures
above 120'C, so that this center could not have
been formed purely thermally, even if it did not
contain vacancies or interstitials. We will assume
that the centers involve vacancies rather than inter-
stitials because the majority of the irradiation de-
fects, certainly if irradiated near room temperature,
involve vacancies and no intersititals.

The production rate of the spectra NL19, NL20,
and NL24 is somewhat lower than but still com-
parable to the production rate of primary defects.
Therefore, these centers will involve at most one
vacancy. We will suggest the following models for
them: NL19= Fe;+V, NL20=2Fe;+ V, and
NL24=2 Fe;. Spectrum NL21 has a lower pro-
duction rate and is more stable; therefore, we as-
sume that its center consists of two interstitial iron
atoms plus two vacancies. Spectrum NL25 also
has a low production rate but its stability is com-
parable to the spectra NL19 and NL20 which in-
volve one vacancy. Moreover the symmetry of
NL25 allows a simple split interstitial configura-
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tion of two interstitial iron atoms in a vacancy.
The atomic composition would then be the same as
that of NL20, but the charge state is different, so
that the position of the Fermi level will determine
the intensity ratio of NL20 and NL2S. It is also
possible that it depends on the formation process
which configuration is formed. Because of the
higher production rate of spectrum XL20 this ob-
viously will be the more likely configuration.

Spectrum NL22 is observed in samples which
are only annealed. Although we did not observe
resolved hyperfine interactions, we will suggest a
cluster of four interstitial iron atoms as will be
outlined in Sec. VE.

Spectrum NL23 showed no hyperfine interac-
tions either. In that case we could only guess the
atomic composition of the center and we will not
present a model.

For each of the spectra the possible arrangement
of the iron atoms and vacancies in the correspond-
ing center will be discussed in the next sections.
The electronic configuration and the total spin are
determined similar to the way in which Ludwig
and %oodbury described transition-metal ions in
silicon.

If the total spin of the center arises from spins
on different atoms, these spins are coupled. In the
present case it turns out that we can arrive at the
observed spins if the individual spins in the center
are ferromagnetically coupled.

Because all centers were observed in high-
resistivity material we only consider models in
which the centers are in neutral or singly positive
or negative charge states.

For all described spectra the symmetry is lower
than cubic so that the orbital momentum is
quenched. This means that the g values must be
close to the spin-only value g=2. Therefore we
will prefer a description with S=—, instead of
S=—, for the spectra NL20 and NL21. The g
values of spectra NL24 and NL25, given in Table
I, are very different from g=2. Although there
was some freedom to vary the parameters without
worsening the fit, as discussed in Sec. IV 0, it was
not possible to bring the g values close to g=2.
Besides the reasons mentioned in Sec. IV G, this is
another reason why we consider the analysis of
NL24 and XL25 unsatisfactory.

B. Spectrum NL19

The center corresponding with spectrum NL19 is
proposed to consist of an interstitial iron atom and

(a)
(

(b)

(c)

~ iron atom
0 silicon atom

FIG. 12. Possible models for the centers correspond-
ing with the iron-related spectra. (a) NL19, {b) NL20,
(c) NL21, (d) NL21, (e) NL22, (f) NL24, (g) NL25.

a vacancy. Probably the iron atom will form
strongly-directed 4s 4p hybridized orbitals which
bond with the four silicon neighbors. To arrive at
S=—, the total center must be positively charged.
This leaves three 3d electrons, with spins parallel
resulting in S=—,. Because the center has (111)
axial symmetry the iron atom can not be exactly at
the substitutional position but has to be shifted
along a trigonal axis, for instance, towards the
tetrahedral interstitial position [Fig. 12(a)].

A distortion also follows if we apply group
theory. Owing to the crystal field of the silicon
lattice the energy levels of the d electrons in
tetrahedral symmetry split into a doublet and a tri-
plet. For substitutional impurity (in this case iron)
the triplet state with d~, d~, and d~ orbitals has
higher energy than the doublet state with d 2

and d 2 orbitals. Hund's rule localizes two elec-

trons in the d 2 2 and d 2 orbitals, and the third

electron in the triplet. This gives a degenerate
ground state, so that a Jahn-Teller distortion will

lower the symmetry. In trigonal symmetry the tri-
plet splits into a singlet and a doublet. Group
theory yields the shape of the orbitals, giving

(d~~ +. d~ + d~)/W3 for the singlet. The third
electron can now be localized in this singlet orbital,
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which has the trigonal (111)direction as its sym-
metry axis. In this way the degeneracy is lifted.

Alternative bonding configurations are also con-
ceivable. For instance, a planar 3d 4s hybridiza-
tion which only binds the iron with three of the
four silicon neighbors directly exhibits the (111)
axial symmetry. This, however, leaves a dangling
bond on the fourth silicon atom. Moreover d s or-
bitals are not as strongly directed in one direction
as sp orbitals, so that they give rise to a smaller
overlap. Therefore, probably more energy will be
gained by sp hybridization.

Hyperfine interactions with 9Si nuclei could
only be observed with B~

~
[111]for orientation d

(see Fig. 2). The intensity of the Si hyperfine
lines is consistent with the presence of three
equivalent silicon atoms which can be found in the
proposed model.

C. Spectrum 1VL20

For the center corresponding with spectrum
NL20 we propose a model of one vacancy plus two
equivalent interstitial iron atoms. To arrive at the.
(111)axial symmetry the atoms must be arranged
as shown in Fig. 12(b). In that configuration the
central silicon atom accepts two electrons from the
iron atoms and binds by d sp hybridization with
the six neighboring silicon atoms. This shell of six
equivalent nuclei is in perfect agreement with the
observed intensity of the Si hyperfine interaction
[see Fig. 4(b)]. Such a bonding with d sp hybridi-
zation was already proposed by Masters for a
split vacancy or semivacancy pair. It is also
known from the SiC16 ion.

In this way the two iron atoms remain intersti-
tial. Each of them has seven 3d electrons left. If
the total center is negatively charged and the iron

spins are ferromagnetically coupled the total spin S
5

equals

D. Spectrum NL21

For the center corresponding with spectrum
NL21 a model of two equivalent iron atoms and
two vacancies is proposed. If we transfer 3d elec-
trons to 4s4p states for bonding with the silicon
atoms and between the two iron atoms, we arrive
at a total spin S=4 or S=O in the neutral defect
for ferromagnetic and antiferromagnetic coupling,

respectively. This requires at least a threefold
charge state in order to arrive at S=—,. Moreover,
the center would have (111)axial symmetry.
Therefore, a configuration as shown in Fig. 12(c)
or 12(d) is more likely.

In the model of Fig. 12(c) the silicon dangling
bonds pair off as in the "empty" divacancy. The
iron atoms are near their normal tetrahedral inter-
stitial sites. Each of them has eight 31 electrons.
Ferromagnetic coupling and a singly positive

5
charge state yields S=—,. The long extended bond
in this model is, in fact, hardly a bond. This sug-
gests a different model, shown in Fig. 12(d).

In this model the iron atoms are situated near
the'substitutional sites. One 31 electron of each of
the iron atoms is transferred to a 4S 4p hybridized
state to bind with one silicon atom. The four
remaining silicon bonds are still mutually paired
off. Each iron atom has seven 3d electrons left.
Ferromagnetic coupling and a singly nega-

5
tive charge state yield S=—,.

Comparing the two models we notice two major
differences: the charge state and the (non)existence
of iron-silicon bonds. Because SL21 was only ob-
served in n-type silicon a negative charge state is
more likely, favoring the second model. If a direct
iron-silicon bond is present we would expect
resolved hyperfine interactions with Si. These
were not observed (see for instance Fig. 7). This
favors the first model. All together, we cannot
make a meaningful choice between these two
models.

E. Spectrum NL22

The model which we suggest for spectrum NL22
is a cluster of four interstitial iron atoms. A possi-
ble (111)axial arrangement is shown in Fig. 12(e),
where one of the iron atoms is displaced along the
axis so that it is no longer equivalent with the oth-
er three. In addition, an arrangement in which all
four iron atoms are situated on a row along the
(111)direction is possible.

The spin S=4 arises from the ferromagnetically-
coupled spins of the four iron atoms with S=1.
The total center is neutral, in accordance with its
appearance in high ohmic materials (Table II).
Spectrum NL22 is formed when the EPR spectrum
of single neutral interstitial iron starts to disappear
as shown in Fig. 13. If this spectrum disappears
fast (above 150'C) the intensity of NL22 also de-
creases, but it does not disappear completely.
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FIG. 13. Occurrence of the resonances of Fe; and
spectrum NL22 as a function of anneal temperature.
The relative accuracy of concentrations of the same
center at different temperatures is about a factor 1.5, the
absolute accuracy is not better than a factor ten.

for Mn. The cluster of four Mn atoms has a hy-
perfine parameter which is at least three times
smaller than that of isolated Mn. If the same ap-
plies for iron, we expect that the hyperfine split-
ting of NI.22 is at most 0.1 —0.2 m T. Because the
(in)homogeneous line broadening (for instance due
to random stresses) causes a linewidth of 0.7 —1.0
mT (see Sec. IVE), it is not surprising that no
resolved hyperfine splitting is observed.

Because the lines of NL22 show no structure in
EPR we cannot say anything definite about the hy-
perfine interaction and the configuration of the
iron atoms. Electron-nuclear double resonance
measurements are necessary to solve these prob-
lems.

P. Spectrum XL24

Under these conditions one can think that part of
the four clusters grow to larger clusters. The
remaining four clusters dissociate at about 250'C.

It is known that another transition metal, man-
ganese, also forms clusters of four atoms in silicon.
The spectrum of this center was described by
Ludwig et al. Their model of a cluster with cu-
bic symmetry was based upon the well-resolved hy-
perfine interactions with four equivalent man-

ganese atoms. In our case we did not observe a
resolved hyperfine interaction with iron for NL22
A possible explanation can be derived from Table
III in which we compare some data on hyperfine
interactions with Mn and Fe in silicon.

We note that the nuclear g factor of manganese
is about ten times larger than that of iron. Assum-

ing the same electron probability on the nucleus,
this is in accordance with the observed hyperfine
parameters which are also about ten times larger

For the center corresponding with spectrum
%1.24 we propose a model with only two intersti-
tial iron atoms. The two iron atoms are situated
on equivalent sites very close to a (100) axis to
give the approximate 222 symmetry, in the way
shown in Fig. 12(f) or on both sides of the central
silicon atom. In fact, the figure shows a center
with 42m (D2~) symmetry. In the similar case of a
(100) split silicon di-interstitial, Lee et al. show
which distortions of the defect lower the symmetry
from 42m to 222(D2) or even to 2(C2). In a
singly-positive charge state the center will have a
spin —, if the 3d electrons of the iron atoms are
ferromagnetically coupled.

The two iron atoms in Fig. 12(f) have ten silicon
neighbors around them. In the approximation of
222 symmetry they can be classified in three shells
of, respectively 4, 4, and 2 atoms which are
equivalent by symmetry. The observed Si hyper-

TABLE III. Hyperfine interactions with Mn and Fe in silicon.

"Mn "Fe

Nuclear g factor

Typical hyperfine parameter
of centers with one atom

1.4

120—270 MHz'

0.18

9—21 MHZ'* '
Hyperfine parameter of

cluster of four atoms 38 MHz'

'G. W. Ludwig and H. H. Woodbury, Solid State Phys. 13, 223 (1962).
"This work.
'R. L. Kleinhenz, Y. H. Lee, J. W. Corbett, E. G. Sieverts, S. H. Muller, and C. A. J. Am-
merlaan, Phys. Status Solidi 108, (1) (in press).
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fine lines can arise from these shells if the hyper-
fine interactions of the four-atom shells are ac-
cidentally degenerate.

The two iron atoms are thought to be brought
together by RID during the electron irradiation.
Purely thermally these pairs cannot be formed in a
short time, as they are unstable at temperatures at
which the iron atoms become sufficiently mobile.

G. Spectrum NL25

H. Hyperfine interactions

An analysis of the hyperfine parameters of tran-
sitions metals in silicon in terms of atomic wave
functions is complicated and does not lead to very
satisfactory results. A common linear-combina-
tion-of-atomic-orbitals (LCAO) analysis cannot be
applied to centers with a spin 5 & —,. %e can only
use modified formulas

and

a =
3 irgPBgxW I f.(0)

I eff

—3
gPBgNPN ( d ~ ff

with a the isotropic and b the anisotropic (trace-
less) part of the hyperfine tensor.

For spectrum NL19 this analysis leads to the
values

I P, (0)
I
off=0.7 A. and (rd ),ran=0. 6

A . The given model for NL19 localizes the
three paramagnetic electrons in 3d orbitals of the
iron atom. The isotropic part then probably arises
from core polarization of the ls, 2s, 3s, and 4s
shells. Using calculations of Watson and Free-
man we estimate for a free ion in a 3di4s config-
uration:

I P, (0)
I

3 A. . The one-electron
values for (rd ),rf vary between 25 A for a 3d

For the center corresponding with spectrum
NL25 we propose a model of two interstitial iron
atoms and a single vacancy. The two iron atoms
are situated on equivalent sites very close to a
(100) axis to give the approximate 222 symmetry
[Fig. 12(g)]. For the exact symmetry the same ap-
plies as for spectrum NL24. The dangling bonds
of the four silicon neighbors are paired off in the
way as for the single negative vacancy. The spin
S=—, arises from the two iron atoms with S= 1

and a single positive charge. This is a different
atomic arrangement of the model for spectrum
NL20 in a different charge state (see Secs. VA and
V C).

and 40 A for a 3d configuration. If more elec-
trons are present we must consider the total charge
distribution. In some special cases (e.g., a filled
shell) the resulting (r ),rr is zero, but this is
not the case in the proposed electronic arrangement
of NL19.

Both
I
9', (0)

I cff and (rd ),ff are small com-
pared to the calculated values. This is not due to a
considerable charge transfer to orbitals on neigh-
boring silicon atoms. In that case large hyperfine
interactions with Si should have been observed.
Also for other transition metals in silicon the ob-
served hyperfine interactions are unexpectedly
small. A satisfactory explanation of this phenom-
enon has not yet been given, although some at-
tempts have been made. ' ' Recently spin-
restricted scattered-wave Xa calculations on inter-
stitial 3d transition-metal impurities have been per-
formed by DeLeo et al. Their first results indi-
cate that the associated levels in the band gap arise
from valence band states which become localized
on the impurity atom for a fair part and acquire a
considerable fraction of d character. These results

may very well agree with the observed reduced-
wave-function parameters.

A quantitative analysis of the hyperfine interac-
tions of the pair spectra will not be given. On the
one hand these spectra have about the same hyper-
fine interactions with Fe and no large hyperfine
interactions with Si. On the other hand the
analysis will be even more complicated because the
spin S= —, is a result of the coupling of the spins

on two atoms. Sieverts et al. show the conse-
quences of such a coupling for the analysis of the
interaction in the case of the AuFe complex. In
that case the interactions with gold and iron can be
distinguished and the contributions of the individu-

al spins can be sorted out. Here we will restrict
ourselves to a qualitative comparison of the dif-
ferent hyperfine interactions. The isotropic parts
of the hyperfine interactions of NL20 and NL21
are both 10 to 11 MHz. The hyperfine splitting of
1VL24 and XL25 was not analyzed, but corresponds
probably also with a hyperfine interaction with an
isotropic part of about the same magnitude. This
is in accordance with the models for ail these four
pair spectra in which the iron atoms all have the
same electron configuration.

VI. CONCLUSIONS

Irradiation of iron-doped silicon at 20'C yields
many new EPR spectra, part of which are related
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with iron. The following tentative defect models
have been proposed: NL19=(Fe;+ V)+, NL20
=(2 Fe;+V), NL21=(2 Fe;+2V)+r, NL24
4 (2 Fe;)+, and NL25= (2 Fe;+ V)+. The model
for NL19 is in fact a (111)-distorted substitutional
iron atom. The models for SL20 and XL25 differ
in their detailed configuration and in their charge
state.

The formation of iron pairs and the disappear-
ance of isolated interstitial iron during irradiation
at only 20'C shows that iron is subject to radiation
induced diffusion. Annealing of iron-doped sam-
ples above 120'C yields one, new spectrum, NL22
for which we suggest a cluster of four interstitial
iron atoms. Although no resolved iron hyperfine
interactions have been observed, the observed spin,
the formation kinetics, and a comparison with a
Mn4 cluster strongly support this model.

Upon annealing at 25 to 200'C spectrum XL19,
associated with substitutional iron, requires the
presence of vacancies and does not occur spontane-
ously. This is a confirmation of earlier notions of
the behavior of iron in silicon.

From our results it follows that iron has a ten-
dency to form clusters during the radiation-

induced diffusion. Under these conditions vacan-
cies interact in the clustering process. It has al-
ready been shown before that iron forms pairs with
acceptors and with gold. ' ' ' It has also been
found that iron is deposited on dislocations. '"
Our experiments on high-resistivity dislocation-free
silicon show that upon annealing in such materials
iron most probably forms clusters.

The level in the band gap at Ec—0.55 eV which
has been reported to arise upon anneahng (see Sec.
I) is in boron-free silicon probably associated with
a cluster with some definite number of iron atoms
and not with substitutional iron or a multivacan-
cy-iron complex. '

The observed hyperfine interactions confirm that
the atomic-wave-function parameters of iron in sil-
icon are considerably reduced in comparison to
free atoms or atoms in ionic crystals, as is also the
case for other transition-metal ions in silicon.
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