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CHAPTER 1 : INTRODUCTION (GENERAL)

The application of silicon in integrated circuit-technology,

solar cells and various other electronic components has stimulated a

tremendous amount of research into the properties of defects in sili-

con over the past 30 years. As a result of this research effort sili-

con is probably the best defined material available today and can be

obtained commercially in the form of high-quality dislocation-free

cylindrical single crystals of some 100 cm length and 10 cm diameter.

These single crystals form the starting material of the current VLSI

technology, that integrates ever more electronic functions on ever

smaller areas of the silicon wafer. This development implies that the

details on each IC are becoming progressively smaller and have in fact

become so small that even point defects and impurities have a profound

effect on device performance. Electrically active impurities for

instance determine the carrier lifetime in silicon of usual doping

concentrations and precipitated impurities deteriorate the reverse

current-voltage characteristics of devices. In solar cells a concen-

tration of only 0.001 ppm titanium can degrade the cell efficiency by

50%. In view of the fact that the contamination of silicon wafers

with metals of the 3d-transition series is particularly hard to avoid

in the IC production process, the study of the properties of such

basic impurities in silicon is therefore becoming progressively

relevant with the advent of device-technology into the sub-micron

domain.

The first systematic study of transition metal doped silicon has

been performed by Ludwig and Woodbury in the early sixties with the

use of Electron Paramagnetic Resonance (EPR) techniques [1 ] . They

observed a number of 30 EPR spectra related to the presence of 3d-

transition metal ions in silicon. Fourteen of these spectra were

ascribed to isolated ions at interstitial lattice positions of 53m

symmetry, three spectra were ascribed to substitutional ions and the

rest was attributed to metal-acceptor or metal-metal pairs. From

these measurements Ludwig and Woodbury deduced a highly successful

model for describing the EPR spectra of interstitial and



substitutional transition metal ions. Its main features can be sum-

marized as follows:

1 . The tetrahedral crystal field partially lifts the five fold orbi-

tal degeneracy of the 3d shell. In substitutional transition metal

ions the resulting threefold degenerate t states lie higher in energy

than the doubly degenerate states. The reverse is true for intersti-

tial ions.

2. The substitutional TM ions transfer enough 3d-shell electrons to

the valence 4s and 4p shells to form tetrahedral bonds with the sili-

con nearest neighbors. The interstitial ions transfer all valence

electrons to the 3d shell.

3. The one-electron levels are filled to yield maximum spin con-

sistent with the Pauli principle.

Within this model the experimental results can be summarized in fig.

1.1. The model predicts the presence of several levels in the band

gap of silicon, originating from different charge states of the same

impurity.

INTERSTITIAL SUBSTITUTIONAL

ION V t + Cf+,Mn2+ Cr°,Mn+ Mn°,Fe+ Mrf,Fe°

CONFIGURATION 3d3

FILLING OF I*
3d ORBITALS | ,

3d3 3d" 3d' 3d0 3d3

'2

0

b/2 1,2,3 1/2,3/2,5/2 I

Cro,Mn+

3d2 3d3

Figure 1.1 Electronic structure of transition metal ions
in silicon in the Ludwig and Woodbury model.

At that time data on the electrical properties of TM in silicon

were gathered using rather unspecific methods like resistivity or Hall

effect measurements on rather poorly defined specimens, yielding

information that could hardly be attributed to specific defects or

defect configurations. In recent years this situation has improved

significantly with the introduction of junction techniques like Deep



Level Transient Spectroscopy (DLTS) that are more defect specific and

can determine the concentration and energy levels of defect levels,

even when several kinds of defects are present in one sample. The

results of such measurements on TM have recently been compiled by

Weber [2], including data on TM diffusivity and solubility. The

results were shown to be consistent with the Ludwig and Woodbury model

and Weber was even led to conclude upon interstitial solution of

titanium on basis of this model and the DLTS data, in spite of its low

diffusivity and the absence of any microscopic observation of this TM

ion at that time. The subsequent observation of interstitial titanium

in its positive charge state in EPR, as described in chapter 2 of this

thesis, therefore formed yet another piece of convincing evidence for

the essential correctness of the phenomenological Ludwig and Woodbury

model.

The occurrence of several charge states in the bandgap and the

reduction of spin-orbit coupling constant and hyperfine interaction

constant of TM in silicon already led Ludwig and Woodbury to the

assumption that the TM 3d orbitals are considerably hybridized with

silicon ligand orbitals. In contrast to the EPR spectra of another

family of deep level defects in silicon, the radiation defects, no
29

Si hyperfine structure was resolved for TM in silicon and the

absence of similar hyperfine interactions of an allegedly delocalized

spin density with the first few silicon neighbors would therefore seem

to be at variance with this hypothesis. Recent Electron Nuclear Double

Resonai.-:.d (ENDOR) measurements on Si:Fe° [3] that resolved the hyper-

fine interaction with 6 shells of silicon neighbors, seemed to confirm
the picture of a localized spin density on the central TM atom, only

29
interacting with magnetic Si nuclei via the distant dipole-dipole

interaction. A similar experiment on the Si:Ti. system, described in

chapter 3 of this thesis, could not be brought to agreement with this

picture, however. In order to analyze the Ti data it was necessary to

extend the Linear Combination of Atomic Orbitals (LCAO) treatment

given for an AB, complex by Owen and Thornley [4] to the general case

of an AB complex of 53m point group symmetry, which is also discussed

in chapter 3. The outcome of this analysis rather suggests the oppo-

site picture for the Si:Ti+ system, that of a covalent.'./ delocalized



spin density. A similar analysis was applied to the Si:Fe ENDOR data,
29

which demonstrated that the observed Si hyperfine interactions of

this system might as well arise from a delocalized spin density. An

experiment to determine which of these two interpretations is correct

has been carried out by performing ENDOR under uniaxial stress on the

Si:Fe. system (chapter 4).

Parallel to the experimental studies described in this thesis

there has been an enormous progress in the theoretical description of

the electronic structure of TM in semiconductors. The energy levels

of TM ions in the bandgap of silicon as measured by DLTS, are nowadays

accurately reproduced by self-consistent electronic structure calcula-

tions employing Green's function techniques. These calculations have

independantly been performed by Katayama-Yoshida and Zunger [5] and by

Beeler et al. [6]. They both predict substantial

hybridization/covalency effects for TM ions in silicon. One of the

more striking results of these calculations is the prediction of the

existence of low spin groundstates, e.g. for Si:Ti. and Si:Ti., con-

trary to the Ludwig and Woodbury model that predicts a universal

high-spin arrangement. Although Ti° is probably not observable in EPR,

since it is diamagnetic in the low-spin arrangement, the Ti resonance

should be, either as a high spin state or as a low spin state. In

case of a low spin arrangement two resonances are predicted: the

groundstate at g = -0.6093 (J=1/2) and an excited state at g = 0.783

(J=3/2). In case of a high spin arrangement a g-value near g = 2 is

expected since the electron orbital moments are effectively quenched.

Although the g-value range between g = <» and g = 0.675 was carefully

scanned for a variety of Ti diffused samples with initial resistivity

ranging from 0.026 Qcm n-type to 10 Qcm p-type in the 2-10 K tempera-

ture range, no resonances that could be attributed to Ti were

observed. A scan to lower g-value could not be performed due to the

upper field limit of our equipment, while in situ illumination of the

sample was neither possible. For these reasons the Ti resonances may

well have escaped detection. The test of these Green's function cal-

culations on one of it's most outspoken predictions thus remained

undetermined, but the data presented in chapters 3 and 4 confirm the

outcome of substantial hybridization of TM orbitals with ligand



orbitals.

The ENDOR measurements on Ti and Ti magnetic nuclei,

presented in chapter 5, provide additional tests for these and other

theoretical studies. The observed hyperfine structure exhibits some

unusual features that, although familiar in ionic compounds, had thus-

far not been observed for centres in silicon. The spectra are

described by incorporation of higher order hyperfine interaction terms

in the spin hamiltonian. Although there is some qualitative under-

standing, their precise origin is still unclear. Quantitative calcula-

tions based on crystal or ligand field theories can not reproduce the

data neither in the ionic, nor in the covalent case. These measure-

ments therefore form a severe test for existing and future electronic

structure calculations.

Chapter 6 is devoted to an EPR study of the so-called "thermal

donor", which is related to the presence of oxygen in silicon. Oxygen

reaches concentrations of some 30 ppm in Czochralski-silicon, which

should be compared to the intentional acceptor/donor concentrations

that are normally of the order of 0.1-1 ppm. At room temperature oxy-

gen is immobilized at an interstitial position between two silicon

atoms and electrically inactive. If oxygen-containing silicon is

heated at a typical IC processing temperature of some 450 C electri-

cally active centres are formed, a process determined by oxygen diffu-

sion. At more elevated temperatures (« 700 °C) oxygen precipitates

further from the supersaturated solution into elongated ribbons of

coesite, a modification of quartz, along [011] directions. In this

temperature range so-called "new donors" are formed as well, although

these are not necessarily different in structure from the "thermal

donors", as indicated by infra-red absorption measurements. In the

1000-1200 °C temperature range extended precipitates can be observed

by etching techniques and electron microscopy (dislocation loops, pla-

telets, etc).

The structure of the thermal donor has remained a mystery over

the past thirty years In spite of numerous publications on the sub-

ject. Yet, they are generally considered to be forerunners of the

precipitates formed at higher temperatures. The presence of oxygen in

these centers has been concluded upon from the formation kinetics [7],



but direct microscopical evidence has never been given. The first EPR

studies on thermal donors have been performed by Muller et al. [8],

who discovered nine new EPR spectra, related to the presence of oxygen

in silicon. Two spectra of 2mm symmetry, labelled NL8 and NL9, could

possibly be ascribed to thermal donors and the study on the properties

of these spectra revealed that boron could be involved in NL8. The

work described in chapters 6 and 7 has been designed to test this

hypothesis and second, to establish the presence of oxygen in the EPR

active centra.
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CHAPTER 2

ELECTRON PARAMAGNETIC RESONANCE OF TITANIUM IN SILICON

Abstract

After a 10 day anneal at T = 1380 °C of p-type silicon in an

ampoule of natural quartz a new isotropic electron paramagnetic reso-

nance at g = 1.99806 ± 0.00004 was observed. An identification of the

defect as titanium was obtained from the hyperfine structure and veri-

fied by intentionally doping silicon with isotopically enriched Ti.

Stress measurements indicate an effective spin S=3/2 of the center,

strongly suggesting an interstitial T,-position of Ti it its positive

charge state on the basis of the Ludw.lg and Woodbury model.

11



2.1 Introduction

Transition metal impurities in silicon have received a great deal

of attention since the pionering work of Ludwig and Woodbury [1]. To

date a number of 40 EPR-spectra have been related to the presence of

metals of the first transition series in silicon, some 20 of which are

associated with isolated ions on substitutional or interstitial sites

in the silicon lattice in a number of charge states. Spectra of 6 out

of the 10 3d-transition metal species have been observed, viz. V, Cr,

Mn, Fe, Ni and Zn. To our knowledge there has never been an EPR-

observation of Sc, Ti, Co or Cu in silicon, isolated, clustered or

associated with another impurity, though (with the exception of Sc)

observations of these elements in silicon by other techniques, like

DLTS or luminescence, have been made. Here we report measurements on a

new EPR-spectrum, which we ascribe to titanium; therefore, some data

relevant to titanium, will be reproduced from Weber's review paper

[2]-

Titanium introduces 2 donor levels in the gap, near E + 0.25 eV

and E - 0.28 eV ; additionally an acceptor level at E - 0.08 eV has

been found. In spite of the low diffusion coefficient of Ti (four to

five orders of magnitude smaller than the other transition metals)

Weber assumes interstitial solution of Ti and identifies these levels

with 3d2/3d3, 3d3/3dA and 3d4/3d5, respectively, on the basis of the

Ludwig and Woodbury model. A microcopic observation of Ti, as possible

with EPR could substantiate or disqualify this identification and pos-

sibly shed some light on the diffusion mechanism of Ti.

In the next section we will give an outline of the experimental

procedure, followed by a presentation of our results. The last section

contains a discussion on the interpretation of these observations.

2.2 Experimental procedure

Float-zoned p-type silicon samples (20x2x2 mm ) , containing boron

(res. 0.9 Qcm; 2x1016 B/cm3), aluminium (0.8 Qcm; 2x1016 Al/cm3), gal-

lium (1.5 Qcm; 1.5x1016 Ga/cm3) or indium (10 Qcm; 0.1 2x1016 In/cm3)

12



were annealed for 10 days at 1380 C under argon atmosphere in a

closed quartz ampoule. Samples were allowed to cool from 1380 C to

just below red heat at the entrance of the oven, followed by a quench

to room temperature in water. In the following we will distinguish 4

types of treatment :

a. anneal in an ampoule of natural quartz (Ti-content 63 ppm)

b. anneal In an ampoule of synthetic quarts (Ti-content < 0.1 ppm)

c. as b, with TiO_-powder rubbed onto the samples
/ "7

d. as c, with TiO -powder, enriched in the Ti isotope to 68.5

± 0.2 %.

Sample resistivity was monitored by conventional four-point-probe

technique. EPR measurements were performed with a superheterodyne

spectrometer operating at 23 GHz. The magnetic field could be rotated

in the (OH)-plane of the silicon samples. We used phase sensitive

detection at 83 Hz magnetic field modulation. UniaKial stress could

be applied in situ along the fOTi]-direction. Most measurements were

performed at 4.2 K. The g-value of titanium could be obtained to an

accuracy of ± 0.00004 by comparison to the g-value of phosphorus

g=1.9985 (postulated to be 1.99850 exactly), hyperfine splitting A =

117.53 MHz [3], which was present in minute amounts in our samples.

2.3 Experimental results

All samples showed a marked increase of the resistivity after

anneal; resistivity of samples b increased by 50 %, while samples c

had converted to n-type. Variation of resistivity, measured on the

four faces of the samples a could be as large as a factor 10 (in some

cases conversion to n-type occurred) and may be indicative for the

presence of a slow diffusing donor.

In EPR we observed in all samples an isotropic spectrum with g-

value g = 1.99806 ± 0.00004, which was labelled S1-NL29. The inten-

sity of the spectrum, substantially increased by irradiation of the

samples with infra-red light of wave-lenghts shorter than 1.65 (im. In

13



(a)
Si. In
Ti diffused

820 822 824
B(mT)

820 822 626
BlmT)

(c)
Si: In
U7-Ti diffused

BU 816 818
B tmT)

Figure 2.1 The EPR-spectrum of Ti; a) in In-doped silicon
(10 ficm), treatment a, measured at microwave frequency
22.992 GHz. b) as a; gain x 10. c) in In-doped silicon,
treatment d, measured at microwave frequency 22.808 GHz.
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the samples, prepared according to treatments a, b and c, two series

of 6 and 8 weaker equally spaced lines, symmetrically located around

the central line, were found (fig. 2.1a, 2.1b). Due to the intensity

of the central line the two inner resonances of both series are not

observed, while the high field resonance coincides with a phophorus

resonance. Hyperfine splitting is isotropic and equal for both sets:

|A| = 15.66 + 0.03 MHz. From the isotropy it is concluded that the

element responsible for these resonances is at a high symmetry site:

undistorted substitutional or interstitial. The hyperfine structure

reveals the presence of two isotopes of nuclear spin 5/2 and 7/2, with

natural abundances about 8 and 6 Z, respectively. These isotopes must

have nearly equal nuclear g-values g , since the line spacing of both

sets is equal. The only element meeting these requirements is

titanium, having 5 isotopes : Ti, Ti, Ti (nuclear spin 1=0),

A7Ti (1=5/2, 7.28 % abundant, gN = - 0.3153) and
 49Ti (1=7/2, 5.51 %

abundant, g = - 0.3154) [4]. This identification is further substan-

tiated by the following results:

1 . Samples annealed under conditions c showed a tea times stronger

EPR signal than samples annealed under conditions a. Samples treated

according to procedure b showed ten times less resonance intensity

than samples a. The intensity of the EPR-signal is thus seen to be

correlated to the amount of Ti present during anneal.

2. Samples d yield a marked increase in the Ti-resonance, as

expected when Ti is the element responsible for NL29- From the given

em
47n

47
enrichment in Ti (68.5 ± 0.2 %) the calculated intensity ratio of a

Ti-resonance over the central line is 0.39 + 0.01 ; experimentally we

find this ratio to be 0.39 ± 0.02 (fig. 2.1c).

We conclude that NL29 has to be identified with a single Ti-atom at a

site of tetrahedral symmetry.

In order to determine the effective spin of the center we applied

uniaxial stress along a [OTl]-direction of a Si:B-sample treated

according to a. We observed a fine structure splitting into three com-

ponents (fig. 2.2), indicating effective spin S=3/2. A systematic

15



825 826 827 828 829
B

830

Figure 2.2 Fine structure splitting of the Si-NL29
spectrum in a Si:B sample under [OT1] uniaxial stress P =
55.5 MPa at microwave frequency 23.132 GHz.

study was not (yet) performed, but some preliminary results can be

given here. The M = -3/2 «*-1/2 and M = 1/2** 3/2 resonances are con-
s s

siderably broadened by random crystal strains, possibly induced by

iron clusters that are inevitably present after such a long high tem-

perature treatment and relative slow cooling, whereas the

M = -1/2** 1/2 is not. This is in accord with Berke's [5] formula fors
the energy AE of the M *> M -1 transition:

s s

AE = n B + (2M -1)K = hv
o s

(2.1)

in which K is a function of magnitude and direction of stress P on the

crystal. B is the magnetic field, |i is the Bohr magneton and v the

microwave frequency. Without stress the position of the lines would be

given by:

B hv (2.2)

Applying uniaxial stress along [0T1] introduces stress components

16



yy
AB = B-B :

X = -P/2 and X = P/2, yielding a fine structure splitting

( 3 / 2

with B in the (OTi)-plane, making an angle 9 with [100]. C^. and C ^

are the two independant spin-lattice coefficients in cubic symmetry.

Experimentally there were some indications of anisotropy of the

high- and low-field stress components, but these were hardly resolved

(anisotropy < 0.3 mT). In order to obtain an estimate for the spin-

lattice coefficients we will assume C,, = 3/2 C... . From the slopes of

the straight lines AB versus P, shown in figure 2.3, and the variation

of AB with 9 we obtain:

and

Ti l

= 1.5 ± 0.2 .

= 1.8 ± 0.3 x 10 3'4 J/Pa (2.4)

-2

Si: B

Ti - diffused

"?// (0111

IPlGPal

0.02 0.04 006 0 08 0.10 0.12 0.14

Figure 2.3 Stress dependence of the paramagnetic resonance
S1-NL29 of the titanium center in Si:B.
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Since the high-field stress-split resonance is lower in intensity

than the low-field component we conclude this to be the M = 1/2«+ 3/2
s

transition, making C and C,, negative. Future measurements with the

stress along [TOO] or [111] directions will allow a more accurate

determination of C and C,,. For now, we conclude that the effective

spin of Si-NL29 is 3/2, a result that is confirmed in Electron Nuclear
47 29

DOuble Resonance (ENDOR) measurements on magnetic Ti and Si nuclei
(to be published).

2.4 Discussion

Neutral titanium as a free atom has a grounstate configuration
2 2

3d 4s . When entered into the silicon lattice substitutionally, two 3d

electrons and one 4s electron will be transferred to the 4p-orbitals
3

and, together with the remaining 4s electron, form four sp -hybridized

bonds with the four silicon neighbors, according to the Ludwig and

Woodbury model. The four associated electron spins will pair off with

those of the silicon neighbors, leaving a net spin zero on the Ti. In

order to comply with the observed S=3/2 three electrons would have to

be released or trapped. Releasing three electrons would involve the

breaking and reconstruction of three bonds, very probably leading to

lower than tetrahedral symmetry, at variance with the experimental

observation. Trapping of three electrons would lead to the presence of

acceptor levels in the forbidden gap and a lowering of the resistivity

in p-type material. From DLTS and our own resistivity measurements we

know this is not the case.

When entered interstitially into the lattice the two 4s electrons

will be transferred to the 3d-shell and according to Hund's rule this

will give rise to spin 2. In order to be consistent with our EPR and

resistivity measurements, one electron is to be released, leading to

S=3/2, an increase of the resistivity in p-type materials and the

introduction of a donor level in the gap; no symmetry lowering is to

be expected. This is in agreement with all available data and we are

therefore led to the conclusion that Ti occupies an interstitial site

of 53m symmetry in the silicon lattice, observed in EPR in its singly

18
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Figure 2.4 The Ti-interstitial (black sphere), surrounded
by Si-atoms.

positive charge state, supporting Weber's assignment of the electrical

levels. This model is illustrated in fig. 2.4.

In the Ludwig and Woodbury model the tenfold degenerate 3d-

orbital is split by the crystal field in a sixfold degenerate t. and a

fourfold degenerate e-state, with the t« orbitals lowest in energy for

interstitial transition metals. This splitting is given by 1ODq, with

Dq the crystal field splitting parameter. The three electrons of the

3d -configuration fill the six t levels according to Hund's rules,

forming a A_ ground state, with pure spin S=3/2 and orbital momentum

L=0. For this non-degenerate ground state no Jahn-Teller instability

is expected. From the observed g-shift Ag = (g - 2.0023) = - 0.0042

and the relation

To5q (2'5)

valid for a system with a A ground state, we can obtain the value k,

which is a measure for the localization of the electron on the defect

in ligand field theory (k=1 for complete localization, k=0 for com-

plete delocalization) if the value of lODq were known from optical

19



data (X is the free ion spin-orbit coupling parameter for the ground

state). No optical data exist for Ti or any other transition metal ion

in silicon and we will have to content ourselves with an estimate for
2+

Dq. From the value of crystal field parameters of substitutional Co ,

which also has an orbital singlet as its groundstate in II-IV com-

pounds like ZnSe (Dq = 350 cm" ), ZnS (385 cm" ) and III-V compounds

GaAs (425 cm" ) and GaP (475 cm ), combined with the observed

increase of Dq with increasing covalency [6,7], we estimate Dq for

impurities in silicon to be of the order 500 - 600 cm . In our case

this would lead to values for X = kX = 3 cm , as compared to

X = 30 cm" for the free ion [8]. Such large reductions of X have

also been invoked in the explanation of Cr° and Mn EPR spectra [1]

and seem to be characteristic for interstitial transition metal impur-

ities in silicon.

Similarly, a reduction in the spin density on the Ti-nucleus is

derived from the experimental value for the Fermi contact interaction:

in which g is the nuclear g-value, |î  the nuclear magneton and

|f(0)| the spindensity on the nucleus. Adopting the Ludwig and Wood-

bury model, this interaction arises from core-polarization only. We
9 O—"̂

compute 1^(0)1 = 1.26 A to be compared to the free ion value

- 5.10 A [9]. The reduction in A is seen to be of the same magnitude

as the reduction in X. These reductions in X (by 90 °A) and A (75 %)

are comparable with those of interstitial V in silicon [1], which is

also a 3d system, where they amount to 85 % and 58 %, respectively.

Reductions in A have also been reported for interstitial iron in sili-

con [10], but without quantitative explanation offered. Qualitatively,

reductions of A and X are ascribed to overlap and hybridization of

3d-orbitals with ligand orbitals, known to be more severe in increas-

ingly covalent solids. These effects are certainly expected to play a

significant role in the case of Ti in Si and to determine to a large

extent the values of X and A, since silicon is a strongly covalent

solid. Although both X and A are strongly reduced from their free ion

values, we cannot conclude, however, that most of the spin density has
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been transferred to the ligands, since this would induce sizeable
29

hyperfine interactions with Si-neighbors, that are absent in EPR.

That covalency effects alone can be held responsible for these large

reductions thus seems to be unlikely, but cannot conclusively decided

against from the present data only. They should be supplemented by

data for Dq, as can be obtained from optical measurements (absorption,

luminescence), and ENDOR measurements, that map the wave function

directly. A further discussion of these issues, that we feel to be

very important to the understanding of interstitial transition metal

ions in silicon, will therefore be deferred till subsequent publica-

tion of our ENDOR results.
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CHAPTER 3

ELECTRON NUCLEAR DOUBLE RESONANCE OF TITANIUM IN SILICON

I. 29S1 - ENDOR

Abstract

The S1-NL29 EPR spectrum, which is associated with the positive

charge state of interstitial titanium in silicon was investigated by

electron nuclear double resonance. Hyperfine interaction parameters

of 17 shells of silicon neighbors, comprising 214 atoms, could be

determined. These parameters are analyzed in a LCAO treatment that
3

takes the symmetry properties of the (t<>) paramagnetic state into

account. This analysis yields a minimum value for the spin density

that is transferred from the Ti ion to the surrounding Si atoms. In

a tentative assignment of hyperfine tensors to specific lattice sites

a spin transfer of at least 40 % is derived. This can resolve the

apparent contradiction between reduced central-nucleus hyperfine field
29

and absence of Si hyperfine interactions in EPR.
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3.1 Introduction

In comparison to other transition metal impurities titanium dif-

fuses relatively slowly into silicon; its diffusion coefficient at

1100 C is at least three orders of magnitude smaller than that of the

other metals of the first transition series. Titanium introduces two

donor levels in the gap, near E +0.25 eV and E -0.28 eV [1-2]; addi-

tionally an acceptor level at E -0.08 eV has been found [3]. An iden-

tification of these levels with 3d2/3d3, 3d3/3d4 and 3d4/3d5 respec-

tively, was suggested by Weber [4] on basis of the Ludwlg and Woodbury

model [5], assuming interstitial solution of titanium in spite of the

low diffusion coefficient.

Recently a new electron paramagnetic resonance (EPR) spectrum,

labelled NL29, with isotropic g = 1.99806 + 0.00004 and spin S = 3/2

was observed [6] . On the basis of the hyperfine structure and with

the use of the Ludwig and Woodbury model this spectrum could be

ascribed to Ti in a 3d state at an interstitial site of 53m sym-

metry, supporting the identification of DLTS levels. From the

observed g-shift a large reduction of the spin-orbit coupling parame-

ter as compared to the free ion could be deduced. At the same time a

reduction of the core polarization with respect to the free ion was
47 49

deduced from the hyperfine interaction with magnetic Ti and Ti

nuclei ( A = 15-66 ± 0.03 MHz ). These reductions, when interpreted

in simple ligand field theory, would indicate a substantial spin

transfer of some 75 % to the surrounding silicon lattice. Although

such a transfer would not be incompatible with the observed low diffu-

sion coefficient of titanium, such an interpretation is contradicted

by the absence of resolved hyperfine interactions of this spin density
29

with magnetic Si nuclei in EPR. In order to gain some more insight

into this problem we applied Electron Nuclear DOuble Resonance (ENDOR)

to the Ti -system. This technique has a resolving power that is three

orders of magnitude larger than EPR and has proved to yield valuable

information concerning the distribution of the spin density over the

silicon lattice in a variety of systems like shallow donors [7-8],

radiation defects [9-10], chalcogenides [11-13] and, recently, inter-

stitial iron [14] in silicon.
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The interpretation of these latter measurements ran into the same

difficulties as mentioned for titanium; only 5 % of the spin density

could be traced back to the 6 shells of Si neighbors with which hyper-

fine interactions were measured, while the reduction in core polariza-

tion on the central nucleus amounts to 43 %, indicating a far larger

spin delocalization. This problem has been adressed by Katayama-

Yoshida and Zunger [15] who obtain reasonable agreement between calcu-

lated and experimental spin density on the Fe. nucleus, but find a 29

% spin delocalization at variance with the ENDOR results. It will be

shown in the following that these difficulties for titanium can be

resolved in a LCAO treatment that takes proper account of the symmetry

and spin multiplicity of the paramagnetic state. When applied to the

Ti. ENDOR data this analysis allows much larger amounts of spin

transfer than the one-electron treatment of Watkins and Corbett [16]

used in [14] and thus yields results consistent with the covalently

delocalized picture. The similar case of Fe° will be the subject of a

separate paper.

3.2 Experimental procedure

Floating-zone dislocation-free p-type silicon samples (20x2x2

mm ) of various dopings (B, Al, Ga and In) were rubbed with wet TiO-

powder and subsequently annealed for 10 days at 1380 C under argon

atmosphere in a closed ampoule of synthetic quartz. After anneal sam-

ples were allowed to cool to just below red heat at the entrance of

the oven and quenched to room temperature from there. The samples

were then stored at 77 K until the measurements. In all these samples

the Ti EPR resonance could be observed; the best signal (large

signal-to-noise ratio, no line broadening due to internal stresses)

was obtained from an In-doped sample of initial resistivity 10 Qcm,

containing 0.12x10 In/cm , that was therefore selected for the ENDOR

measurements.

These measurements were performed with a superheterodyne spec-

trometer operating at 23 GHz and adjusted to detect the dispersion

part of the EPR signal at an incident microwave power of 1 p,W. The
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magnetic field could be rotated in the (OTi) plane of the sample and

was modulated at a frequency of 83 Hz. We used a silver coated e^i-

bond cavity; in the t'nin silver layer on the cylindrical side wall of

the cavity a spiral groove was cut, making it suitable as an ENDOR

coil [9]. For ENDOR measurements the RF field was square-wave modu-

lated at 3.3 Hz to allow double phase-sensitive detection of the sig-

nal. An example of such a signal is given in fig. 3.1 . The sample

was held at 4.2 K.

720 7.22 724
-v(MHz)

726

Figure 3.1 Recorder trace of the Ti ENDOR spectrum at 4.2
K and v = 22.90141 GHz for B = 818.93 mT, 3 // [111].
Labels M5, G2 etc. refer to the hyperfine tensors. The
resonance labelled ? forms part of an only partially
resolved pattern, the symmetry type of which could not be
established.

3.3 Experimental results

Each lattice site around a Ti at a T, interstitial site has a
79

4.7 % probability of being occupied by a Si isotope with nuclear

spin 1=1/2. By applying the symmetry operations of the 53m symmetry
29

group on such a Si atom at a general position in the lattice, a

shell of symmetry related lattice sites Is generated. In general this

shell will contain 24 atoms, giving rise to an ENDOR spectrum of

(2S+1) x 24 frequency lines for a general direction of the magnetic
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Figure 3.2 Angular dependence of the effective hyperfine
constant A for the four symmetry types of shells on
rotation of the. magnetic field in the (0T1) plane, shown as
examples of
(a) a G-class interaction. The pattern if that of the Gl

shell.
(b) a M-class interaction. The pattern arises from the Ml

shell.
(c) a 2mm-class interaction. The pattern is that of the T1

shell.
(d) a 3-class interaction. The pattern arises from the 31

shell.

field B. If the magnetic field is in a {011} plane, there are only

(2S+1) x 12 resonances (or less if the magnetic field is along a high

symmetry direction). The angular dependence of ENDOR lines originat-

ing from such a shell on rotation of the magnetic field in the(OTl)

plane, is shown in fig. 3.2a. Experimentally, resonances from four

such shells were found, labelled Gl-G4 (G = general class). If the

initial site is in a {011} mirror plane through the central ion, the
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shell contains only 12 atoms, leading to a reduction of the number of

ENDOR lines (fig. 3.2b). Eight shells of this symmetry type were

found, labelled M1-M8 (M = mirrorplane). The atoms labelled 3 in fig.

3.3 form part of such a shell. If the Si atom is on a <100> axis

through the central ion, the shell will contain 6 atoms. The ENDOR

pattern of such a 2mm symmetry class shell is also given in fig. 3=2;

only one such pattern was found, labelled T1 (T = twofold axis). The

atoms numbered 2 in fig. 3.3 constitute such a shell. If the initial

ion is on a <111> axis of threefold rotational symmetry through the

central ion, only four symmetry related sites are generated. Four such

shells were found experimentally (fig. 3.2d), labelled 31-34. Atoms

labelled 1 in fig. 3.3 constitute a shell of this type. No other

types of shells exist in T symmetry; the 17 measured shells contain

in total a number of 214 Si atoms.

Figure 3.3 The Ti-interstitial (black sphere) surrounded
by Si-atoms. This figure also shows our choice of
coordinate system, on which the carthesian hyperfine
tensors and directions of eigenvectors of Table 3-1 are
defined.
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The data were analyzed with the following spin hamiltonian, con-

taining electronic Zeeraan, hyperfine and nuclear Zeeman interaction

terms :

H = gH$.$ + f ( §.fr?1 S ^

where the parameter i enumerates the lattice sites around the defect.

The ENDOR transitions are to first order given by :

hv = AE = jg N ^ B - fi.ff.fi ma| (3.2)

with h" a unit vector along the magnetic field B. The ENDOR spectrum

is thus seen to be symmetric around the nuclear Zeeman frequency

g |iNB/h. Therefore only transitions above the nuclear Zeeman frequency

needed to be measured. It was not always possible to observe the

transitions in both the |m 1=1/2 and the |m 1=3/2 multiplet; due to
I S I I S I

severe overlapping of ENDOR patterns in the region close to the
nuclear Zeeman frequency, the determination of the |m 1=1/2 transi-

I s I
tions was often obstructed in that part of the spectrum. On the other
end of the ENDOR spectrum, the |m 1=3/2 resonances were very weak and

• s i

therefore not always used in the analysis. The complete ENDOR spec-

trum of all measured shells is given in fig. 3.4.

We obtained a satisfactory least squares fit to the ENDOR data in

a computer diagonalization of the hamiltonian (3.1), keeping the elec-

tronic g-value fixed at g = 1.99806 [6] and the nuclear g-value at

g = - 1.1097 [17]. The results are summarized in Table 3-1, where it

is also indicated which transitions were used in the fits. The ten-

sors and directions of eigenvectors in this table are defined in the

coordinate system of figure 3.3 and valid for the following:

1. the atom on the [111] axis for shells 31 - 34.

2. one of the two atoms on the [001] axis for T1, since no unique

assignment of the hyperfine tensor to one of these two atoms can be

made.

3. one of the two atoms in the (TlO) mirrorplane, for shells M1-M8

(as for T1).

4. one of the 24 atoms in the low symmetry shells G1 - G4 (as for T-

and M-shells).

28



11.5
[100] [011],

8.0
0' 90"

Figure 3.4 The complete angular dependence of resolved
ENDOR resonances on rotation of the magnetic field in the
(Oil) plane. The thick lines designate the ENDOR
transitions in the |mj = ̂  multiplet; the thin lines
correspond to those in the |m I = •*-multiplet.
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Data for atoms in the shells, other than just specified, can be

obtained by applying the appropriate symmetry transformations.

Typical widths of the resonances were 2 - 3 kHz FWHM, allowing

line positions to be determined with an accuracy better than 0.4 kHz.

The average deviations of calculated ENDOR frequencies from experimen-

tal values were generally less than this value.

Table 3-1
29

Parameters and orientations of hyperfine tensors of Si neighbors of

Si:Ti (in kHz). Experimental uncertainty is + 0.4 kHz.

S h e l l m
s I

t

31 ~ 8123.6 441.6

441.6 8123.6

441.6 441.6

441.6 1 9006.9 [-0.577,-0.577,-0.577]

441.6 2 7682.0 [ 0.408,-0.816, 0.408]

8123.6 3 7682.0 [ 0.707, 0.000,-0.707]

32 1 1416.9 -678.2 -678.2

-678.2 1416.9

-678.2 -678.2

1 60.5 [-0.577,-0.577,-0.577]

-678.2 2 2095.1 [ 0.408,-0.816, 0.408]

1416.9 3 2095.1 [ 0.707, 0.000,-0.707]

33 j , y 748.5 11.5

11.5 748.5

11.5 11.5

11.5 1 771.5 [-0.577,-0.577,-0.577]

11.5 2 737.0 [ 0.408,-0.816, 0.408]

748.5 3 737.0 [ 0.707, 0.000,-0.707]

34 j 129.5 -18.2

-18.2 129.5

-18.2 -18.2

-18.2 1 93.1 [-0.577,-0.577,-0.577]

-18.2 2 147.6 [ 0.408,-0.816, 0.408]

129.5 3 147.6 [ 0.707, 0.000,-0.707]

T1 j 2333.1 4751.6 0.0 1 7084.7 [-0.707,-0.707, 0.000]

4751.6 2333.1 0.0 2 -2418.6 [-0.707, 0.707, 0.000]

0.0 0.0 -2108.9 3 -2108.9 [ 0.000, 0.000, 1.000]
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Table 3-1 (continued)

Shell |ms| t i A±

Ml 1 2902.1 240.5 90.5 1 2661.5 [-0.707, 0.707, 0.000]

240.5 2902.1 90.5 2 3182.4 [-0.675,-0.675,-0.297]

90.5 90.5 2771.3 3 2731.5 [ 0.210, 0.210,-0.955]

M2 1 2139.9 15.0 147.4 1 2124.9 [-0.707, 0.707, 0.000]

15.0 2139.9 147.4 2 2563.7 [ 0.321, 0.321, 0.891]

147.4 147.4 2457.3 3 2048.6 [-0.630,-0.630, 0.454]

M3 1, - | 366.4 44.9 3.3 1 321.6 [-0.707, 0.707, 0.000]

44.9 366.4 3.3 2 411.8 [-0.704,-0.704,-0.099]

3.3 3.3 365.0 3 364.5 [-0.070,-0.070,0.995]

M4 1 , | 316.9 74.9 58.6 1 242.0 [-0.707, 0.707, 0.000]

74.9 316.9 58.6 2 435.9 [-0.624,-0.624,-0.470]
58.6 58.6 280.6 3 236.4 [ 0.333, 0.333,-0.882]

M5 1 220.7 36.8 -14.6 1 183.9 [-0.707, 0.707, 0.000]

36.8 220.7 -14.6 2 265.1 [-0.663,-0.663, 0.346]

-14.6 -14.6 209.2 3 201.6 [ 0.245, 0.245, 0.938]

M6 -| 168.7 0.6 -13.1 1 168.1 [-0.707, 0.707, 0.000]

0.6 168.7 -13.1 2 222.9 [-0.231,-0.231, 0.945]

-13.1 -13.1 216.6 3 163.0 [-0.668,-0.668,-0.326]

M7 -| 70.5 20.6 24.1 1 49.9 [-0.707, 0.707, 0.000]

20.6 70.5 24.1 2 197.4 [-0.216,-0.216,-0.952]
24.1 24.1 186.5 3 80.2 [ 0.673, 0.673,-0.305]

M8 1 119.9 22.5 14.7 1 97.3 [-0.707, 0.707, 0.000]

22.5 119.9 14.7 2 151.9 [ 0.644, 0.644, 0.414]

14.7 14.7 106.2 3 96.8 [-0.293,-0.293, 0.910]
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Table 3-1 (continued)

Shell jras |

Gl 1 1471.1 -203.1 -185.0 1 1834.6 [ 0.603,-0.615,-0.509]

1268.0 [ 0.774, 0.605, 0.187]

1199.0 [ 0.193,-0.507, 0.840J

G2 -̂ -,-i 631.6 -76.8 -85.9 1 834.2 [ 0.494,-0.606,-0.623]

572.1 [-0.597,-0.758, 0.264]

561.0 [-0.632, 0.242,-0.736]

G3 y 157.8 -27.9 -23.4 1 198.7 [ 0.664,-0.555,-0.501]

127.2 [-0.541, 0.106,-0.835]

123.6 [-0.516,-0.825, 0.229]

G4 -| 141.6 -40.2 -28.6 1 198.6 [ 0.654,-0.588,-0.476]

102.2 [-0.596,-0.012,-0.803]

93.9 [-0.467,-0.809, 0.358]

-203

-185

l,f 631
-76

-85

1 157
-27

-23

.1

.0

.6

.8

.9

.8

.9

.4

1464

206

-76

667

101

-27

146

20

.4

.6

.8

.7

.0

.9

.8

.6

206
1366

-85

101

667

-23

20

144

.6

.1

.9

.0

.9

.4

.6

.9

2

3

1

2

3

1

2

3

-40.

-28.

2

6

130

29

.1

.4
29
123

.4

.0

2
3

3.4 Discussion

The hyperfine interaction tensor is usually split into two parts

A= a.1 + c, where a is the isotropic part of the hyperfine tensor

a=(Tr A)/3 and B a symmetric traceless tensor. Both parts have their

interpretation in terms of the defect wavefunction; a is related to

the wavefunction through the Fermi contact interaction :

where |¥(0)| is the probability density of the paramagnetic electrons

on the nucleus involved. The dipole-dipole interaction between the

magnetic moments of electron density and nucleus is responsible for
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the anisotropic part of the tensor :

1 r̂> 3 X 1 X i 6 l i
R _ J - B1> B ,, < w | L_I tl |w> (3 .4)
B i i " 2S 4u 8|iB8N|JT(I ^*l 5 3 I

r r

where ¥ is the electronic wavefunction and x. ,x.=x,y,z.

Following Owen and Thornley [18] we will describe the wavefunc-

tion of the paramagnetic state by taking linear combinations of 3s and

3p orbitals of the surrounding silicon lattice , that transform as the

t- irreducible representation of the 53m symmetry point group and

admix these to the d , d and d orbitals of the same t« represen-

tation, that are supposed to make up the paramagnetic state [5] .

These combinations are found with the use of projection operators, a

procedure outlined, e.g., by Di Bartolo [19], whose terminology we

will use in the following. For the 3-class shells we obtain :

i pi ( sr S2~ S3+ V + 1 Yi ( ar

ih (sr s2
+ S3"

2" S3"

/3 (uly- x2y-

/ 3 <-wly+ W2y" n3y+ 7t4y)

6i f (it1x+ W2x~ U3x" 7t4x>

The numbers 1, 2, 3 and 4 refer to the llgands at the positions nnn,

nnn, nnn and nnn (n integer) respectively, the index i enumerates the

3-class shells and a, p., y. and 6. are parameters to be determined by

experiment. The orbitals designated by o are p-orbitals on the

ligand, taken to point into the direction of the central ion, while

the n. and u, are taken to point along the [121] and [lOT] direc-

tions respectively. The orientations of the orbitals on the other

ligands are obtained by C rotations about the x, y and z axes (fig.

3.5a). The wavefunction is only normalized when the ligand contribu-
o

tions from all shells are added; a is then the spin density on the

central nucleus.
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Figure 3.5 Orientations of a and % orbitals on atoms
constituting (a) a 3-class shell and (b) a 2mm-class shell.

3 3
For d (t.) the orbital magnetic moment is quenched and the

groundstate wavefunction is then a single determinant

{¥ (T)Y Cf)¥ (T)h in that case it is permissible to add up the
xy j zx

separate contributions to the hyperfine structure from the individual

singly occupied orbitals [18]. In deriving the matrix elements of

(3.3) and (3.4) we make the usual LCAO approximation and neglect con-

tributions to B from atoms on other lattice sites than the one con-

sidered, except those from the central ion which are calculated in the

point dipole approximation. For a p-orbital of the form

on atom 1 (x = x,y,z) we obtain the following result :

'-bJ;,

x,f(r)

?-A-<! - 2S
2b)

-b
dd (3.6)

2bdd

W l t h 1 —
29 5 4'

tance Si-Ti). The isotropic part is given by

bdd = 4i
n-3

( R d e n o t e s

(3.7)

The factor 1/2S allows for the fact that our results are expressed in
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the total spin $ (S = 3/2). Due to our choice of coordinates this

tensor is on principal axes and may be conveniently compared to exper-

iment .

In S=1/2 systems these tensors are given by A = A = a'-b' and
9 *y *) *) ^^

A = a'+2b' in which a' = n a a and b' = TI 8 b. The spin density on
zz o

the atom concerned is then given by t) , while the relative distribu-
2 2tion over s and p orbitals is given by a and |3 , respectively [16].

In this analysis a' and b' are required to have the same sign, a limi-

tation which is no longer valid if this analysis is applied to higher

spin systems, as can be seen by inspection of (3.6). In a situation

where the spin density in the n orbitals exceeds that in the a orbi-
3 2 3 2

tals by at least a factor two -ry. - -g-6. will be negative, thus causing

a' and b' to be of opposite sign (neglecting distant dipole-dipole

interactions for simplicity). Experimentally this situation occurs

e.g. for tensor 32 for all values of a, independent of the assignment

to a specific atom. As an example one can consider in (3.5) such com-

binations of a and ic bonds on the nearest neighbor atoms, that their

directions coincide with the lattice bonds between the atoms 1 and 2

in fig. 3.3. In that case 6 = 2/2 y,, so that -r-y? - -s-S? = -2.25 y, =

2S -r—. This also serves as an illustration of the enhanced spin
D

transfer in comparison to the spin density that would be derived from

a one-electron treatment.

From (3.6) and (3.7) it is obvious that y^ and 67 can not be

determined separately from experiment and consequently the transferred
2 2 2

spin density to a shell p + y. + 6. cannot be obtained from the
data. It is however possible to obtain an estimate of the minimum

2
spin density (as a function of a ) that is transferred to a shell of

2 2
silicon neighbors (MTSD) by setting either y* or 6^ equal to zero,

2
depending on the sign of B , and using the values for Is (0)1 and

Q XX I f I

<r~J>p [20].

In the case of a 2mm class shell we obtain the following symmetry

orbitals :

V * a dxy + 7Z P (S1" V + 77 Y (CT1" °6) <3<8>
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V
^ 6

S5>

The numbers 1 to 6 refer to the following atoms : (0,0,2n), (2n,0,0),

(0,2n,0), (-2n,0,0), (0,-2n,0) and (0,0,-2n). Again a designates a p-

orbital on a ligand, pointing in the direction of the central ion; the

it-orbitals are along the positive x, y or z directions for all atoms

(fig. 3.5b). This choice yields the following hyperfine tensor com-

ponents of atom 1 on xyz-coordinates :

B«-viii ( f i 2 + e 2- z^ b- 3 a 2 bddi (3-9)

Bxy= V= IS !
B = B = B = B = 0
KZ zx yz zy

and the isotropic part :

a = is -h2 •
By inspection of (3.9) and (3.10) it can be seen that the spin density

2 2 2
in the a (-y ) and u (6 , e ) orbitals can not be obtained seperately

from the data; neither can the total spin density in p orbitals in a
2 2 2

shell y + 6 + e be determined. As in the case of the 3-class ten-

sors, only a minimum value for the spin transfer can be extracted from

the data.

Similarly it is possible to derive (rather lengthy) expressions

for the symmetry orbitals and hyperfine tensors of M and G class

atoms. For the M-class tensors the symmetry orbitals contain five

independent parameters for the admixture of a and it orbitals; in the

case of G-class tensors there are even nine such parameters. Again

the sum of all admixed amounts can not be related directly to the

experimental data, so that only a minimum of the transferred spin den-

sity can be determined. For this purpose the expressions for the
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M7M6
M2

Figure 3.6 The cross section of the (T10) plane with the
Ti-interstitial. Indicated by lines are the principal
directions of all measured M-class tensors with the largest
principal value.

hyperfine tensors are conveniently solved in the a% UT coordinate sys-
x y

tern, necessitating however the transformation of the experimental ten-

sor to this coordinate system and thus the assignment of the experi-

mental tensor to a specific shell (atom). For the M class shells this

assignment was accomplished by evaluating the angle between the larg-

est eigenvector and possible lattice vectors to the atoms in the (T10)

plane. It was found that an assignment could be made where the prin-

cipal directions of the largest principal values of all eight M-

tensors fell well within 10 degrees from lattice vectors to sites in

the 11 closest M-type shells (Table 3-II and fig. 3.6).
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Table 3-1I

Assignment of experimental tensors to atomic sites around the Ti

interstitial and angles between principal axis of largest eigenvalue

and lattice vector or the [ITT] direction.

Tensor atom axis angle with

lmn [lmn] [lTT]

31

32

33

34

T1

Ml

M2

M3

M4

M5

M6

M7

M8

G1

G2

G3

G4

111

222 or

222 or

333

002 or

331

TT3
551

442

442

225

115

333

240 or

331

560 or

a2<0.25 :

cc2>0.25 i

222

222

002

250

450

: 713

: 137

[-0.675,-0.675,-0.297] 4.0

[ 0.321, 0.321, 0.891] 1.8

[-0.704,-0.704,-0.099] 2.4

[-0.624,-0.624,-0.470] 8.6

[-0.663,-0.663, 0.346] 0.8

[-0.231,-0.231, 0.945] 6.2

[-0.216,-0.216,-0.952] 2.0

[ 0.644, 0.644, 0.414] 1.5

[ 0.603,-0.615,-0.509] 4.7

[ 0.494,-0.606,-0.623] 5.7

[ 0.664,-0.555,-0.501] 6.7

[ 0.654,-0.588,-0.476] 7.3
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This corresponds to a picture in which transfer to a orbitals and/or

distant dipole-dipole interaction predominated) th< transfer to TX

orbitals. Isotropic and anisotropic hyperfine interactions of subse-

quent shells roughly decrease with distance to the central nucleus in

this assignment.

In case of the G class tensors the same procedure could not be

followed, due to the fact that all these tensors are approximately

<111>-axial. Here we choose rather arbitrarily the nearest shell to

have the largest isotropic hyperfine interaction. Since we can not

discriminate which tensor belongs to which specific site in this case,

we calculated the MTSD of the tensors G1-G4 for all 24 atoms in a
2

shell as a function of a and choose the smallest MTSD to be the MTSD.

In order to take into account the distant dipole-dipole interac-

tion, we also have to assign the 3-class tensors to specific sites in
2

order to obtain an estimate for the MTSD as a function of a ; again we

assigned the tensor with the largest isotropic hyperfine interaction

to the nearest shell. Assigning the tensor with the largest anisotro-

pic hyperfine interaction to the nearest shell would be equally well

defendable, but this yields larger MTSD values. Since it is our aim

to establish a minimum for the spin tranfer to all measured shells, we

will not pursue this latter identification. The complete assignment

is summarized in Table 3-II; for convenience we add a list of lattice

sites around the interstitial Ti-ion (Table 3-III)*

It should be stressed here that this assignment is a tentative

one. The estimate for the MTSD however does not alter dramatically if

another assignment is chosen. The spin densities derived from the

isotropic part of the hyperfine interaction tensors are collected in

Table 3-IV. Together with the (minimum) contributions from the aniso-
2

tropic part of the hyperfine tensors MTSD values as a function of a
result. These are plotted in fig. 3.7. The connection between

transferred and Ti-localized spin density is represented by the dashed
o

line in fig. 3.7d; below the point where this line and total MTSD( a )
2

intersect (a < 0.62) we obtain consistent results; above this point

the normalization condition is violated and this region is therefore

unphysical. It follows that the spin transfer to the surrounding sil-

icon lattice must be at least 38 %.
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Table 3-III

Shells of lattice sites around the T, interstitial position in sili-
d

con. The shells marked with * show resolved hyperfine interactions in

the assignment of Table 3-1I.

shell type position sites distance(A)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

3

T

M

3

3

M

G

3

M

G

T

M

M

M

M

M

M

M

G

M

G

M

M

M

G

a

a

a

b

c

b

a

d

c

b

b

d

e

f

g

h

i

j

c

k

d

1

m

n

e

111

200

3TT

222

222
331

420

333

511

53T
600

442

552

533

622

522

551

7TT
640

553

731

733
644

555
820

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

4

6

12

4

4

12

24

4

12

24

6

12

12

12

12

12

12

12

24

12

24

12

12

12

24

2

2

4

4

4

5

6

7

7

8

8

8.

8

8.

9.

9.

9.

9.

9.

10.

10.

11.

11.

11.

11.

.35

.71

.50

.70

.70

.91

.07

.05

.05

.03

.14

.14

.14

.90

.00

.00

.69

.69

78
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11

19

19

19
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Table 3-IV

Isotropic hyperfine parameters of Si neighbors of Si:Ti (in kHz)

and derived spin densities fr in s-orbitals per shell (in % ) .

shel l

31

32

33

34

T1

G1

G2

G3

G4

a (kHz)

8123.6

1416.9

748.5

129.4

852.4

1433.9

655.8

149.8

131.6

0

0

0

0

0

0

0

0

0

(%)

.71

.12

.07

.01

.11

.75

. 34

.08

.07

shel l

Ml

M2

M3

M4

M5

M6

M7

M8

a (kHz)

2858.4

2245.7

366.0

304.8

216.9

184.7

109.2

115.3

pj <%>

0.75

0.59

0.10

0.08

0.06

0.05

0.03

0.03

The MTSD from M and G class shells decreases as a function of a

as expected, since part of the anisotropy of these tensors must be due

to distant dipole-dipole interaction, necessitating the presence of
29 For the 3 and 2mm class shells

2
less spin density on a Si nucleus.

however the MTSD falls first and increases next with increasing a

This is caused by the large correction of the distant dipole-dipole

interaction, which changes the sign of B ; in order to maintain con-

sistency with sign and magnitude of the experimental tensors it is

then necessary to introduce more spin density in the it orbitals.

That the transfer to % orbitals may be quite significant follows

from the fact that T1 is approximately <011>-axial, while the 29Si

atom has the Ti ion in a <100> direction. A large spin density in the

0 orbital and/or large dipole-dipole interactions with the central ion

would tend to make this tensor axial around a <100> direction. This

observation therefore forms a strong indication that the transfer of

spin density to % orbitals of atoms in the second shell is the
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Figure 3.7 Minimum transferred spin densities to the
lattice vs. the spin localization a on the Ti ion as
obtained from the hyperfine interaction tensors in the
assignment of Table 3-11.
(a) 3-class shells
(b) M-class shells
(c) G-class shells
(d) total over all shells. The connection between

transferred and Ti localized spin density is represented by
the dashed line.
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mechanism determining the hyperfine tensor T1. In this context it

should be realized that transfer of spin density from d , d , d
Xy ye- '"

orbitals of a central ion A to a orbitals of Hgand B atoms in an AB

complex of m3m point group symmetry is forbidden. As the six atoms in

a 2mm class shell bear a close resemblance to such an AB system, It

is not unlikely that most of the transferred spin density will be

found in the w. orbitals; the MTSD of some 20 % derived from T1 may

therefore be a good indication of the factual spin density in the

second neighbor shell. In the case of the 3-class tensors such an

analysis is not fruitful, since both a and it transfer are allowed in

an AB, complex, which is itself of 53m symmetry. The spin transfer to

such shells may therefore be severely underestimated. The real spin

density for M and G class tensors may for similar reasons be appreci-

ably higher than the derived MTSD on these shells.

The observed reduction in core polarization of some 75 % for Ti

is therefore not inconsistent with the hyperfine structure as measured

In ENDOR and forms a strong indication that the factual spin transfer

to the lattice is indeed of this order. Vie must be careful with the

conclusion that the transferred spin density is 75 % however, since it

is based on the assumption that the central ion hyperfine interaction

parameter is entirely determined by core polarization [6]; a small

residual spin density in the 4s orbital could alter this estimate con-

siderably. The 29Si ENDOR thus sets a lower limit of 40 % to the spin

transfer, while the Ti hyperfine interaction sets an upper limit of

75 %.

A similar treatment was applied to the case of Fe. where the two

paramagnetic electrons are in the e-state [5], for which symmetry

orbitals and hyperfine tensors were also derived. These expressions

will be published In a forthcoming paper.

3.5 Conclusions

The measured perturbation of the titanium interstitial extends over

214 Si atoms in 17 symmetry shells. This indicates a substantial spin

transfer to the lattice, consistent with the observed reductions in
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spin orbit coupling parameter and impurity hyperfine field. The

absence of resolved hyperfine interactions of this spin density with
29

magnetic Si nuclei in EPR can be explained in a LCAO treatment that

takes symmetry properties and spin multiplicity of the paramagnetic t?

state into account : it turns out that the spin density in % orbitals

has an opposing effect on the hyperfine interaction tensor as compared

to the distant dipole-dipole interaction with the central nucleus and

the spin density in the a orbitals. As a result only a minimum

transferred spin density of ~ 40 % can be obtained from the Ti. ENDOR

data.
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CHAPTER 4

SPIN DELOCALIZATION OF INTERSTITIAL IROH IN SILICON

Abstract

The apparent contradiction between a covalently delocalized pic-

ture of the Si:Fe? system, suggested among others by the large reduc-

tion of the central nucleus hyperfine interaction parameter as com-

pared to the free ion, and the localized picture as emerged from the

analysis of a recent Electron Nuclear DOuble Resonance experiment, is

resolved by a reinterpretation of the ENDOR data in an LCAO treatment,

that takes the spin multiplicity and symmetry properties of the
2

paramagnetic (e) -state into account. This reinterpretation could be
29

confirmed by the determination of the relative signs of the Si

hyperfine interaction tensors in an ENDOR experiment under uniaxial

stress. The data obtained are consistent with a 25% spin localization

on the first six shells of silicon neighbors.
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4.1 Introduction

Recently ENDOR data on interstitial iron (Fe ;3d ;S=1) and

titanium (Ti"!";3d3;S=3/2) in silicon have become available [1,2]. In

the past ENDOR measurements have provided valuable information regard-

ing the distribution of the spin density over the silicon lattice in a

variety of systems [3-7], and, in the case of the shallow donors,

these data formed a critical test for the effective mass theory [8,9].

It may be expected that the Fe? and Ti ENDOR data provide a stringent

test for theoretical calculations on transition metals in silicon as

well. The most successful calculations thus far are those by

Katayama-Yoshida and Zunger [10,11] and Beeler et al. [12], who repro-

duce the experimentally observed donor and acceptor levels of the

interstitial 3d transition metals in the bandgap of silicon quite

accurately. These self-consistent Green's function calculations

furthermore confirm the phenomenological model of Ludwig and Woodbury

[13], describing the EPR spectra of interstitial and substitutional 3d

transition metals in silicon for all experimental EPR spectra observed

thus far. They also give definite predictions for the spin transfer

from the central ion to the silicon lattice : Beeler et al. predict a

12% spin transfer for Fe° and a 58% spin transfer for Ti. ; Katayama-

Yoshida and Zunger give a 29% spin delocalization for the Fe system.

Among the experimental data that can give information about this

spin transfer is the observed reduction of the hypeifine interaction

parameter A of a transition metal ion when embedded in a silicon

matrix. If the Ludwig and Woodbury model is adopted, this reduction

must be due to a reduction in the polarization of the Is, 2s and 3s

core states. This polarization is known to be directly proportional to

the spin density in the 3d orbitals throughout the 3d. transition

series [14] and the observed reductions in A therefore reflect the

transfer of spin density to the lattice. The experimental values

( Fe°: 43% reduction [10,13] and Ti+: 75% reduction [2,15] ) thus seem

to indicate a substantial spin transfer. Further information can be

obtained from an analysis of the parameters describing the interaction
on

of the electronic spin density with the 4.7% abundant magnetic Si

nuclei, obtained from EPR [16] and ENDOR [1,2]. The ENDOR
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Table 4-1
29

Parameters and orientacions of hyperfine tensors of Si neighbors of

Si:Fe° (in kHz). Experimental uncertainty is ± 1 0 kHz (from :

Greulich-Weber et al.[1]). For comparison we included the calculated

values b,, in the point-dipole approximation, assuming 100% spin

localization on the central nucleus and a positive g value.

Tensor

31

32

33

TI

Ml

M2

a'

-160

780

3250

-4640

-3870

-380

b'

-1400

--200

-160

-800

-440

-90

c'

0

0

0

-520

+70

-2
< [1

< [1

Zhf

[111]

[111]

[111]

[100]

11] =

11] =

1

2

1°
.6°

bdd

-1249

-156

-156

-811

-177

-78

.2

.2

.2

.4

.9

.4

shell

4

5

1

or

or

2

3

6

5

4

measurements on the Fe. system were performed by Greulich-Weber et

al., who could assign the hyperfine interaction tensors to specific

shells of silicon neighbors due to a striking correspondence between

experimental values of the anisotropic part of these tensors and those

calculated in a point-dipole approximation, assuming 95% of the spin

density to reside on the iron nucleus. For convenience these results

are reproduced in Table 4-1. This interpretation is therefore con-

sistent with a high degree of spin localization on the central nucleus

and contradicts the conclusion reached above. In the case of the Ti.

data such a correspondence between measured and calculated anisotropic

hyperfine interaction parameters could not be found, indicating a

larger covalency. In an LCAO treatment (reviewed by Owen and Thornley

[17]) that takes spin multiplicity and symmetry properties of the

paramagnetic groundstate into account, an estimate for the minimum

spin transfer of the Ti system (~ 40%) could be obtained. In this
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case the agreement between experiment (40% < spin transfer < 75%) and

theory (Beeler et al. : 58%) is excellent. For Fe the spin transfer

derived from the ENDOR data (~ 5%) is reasonably consistent with the

calculations by Beeler et al. , but it would seem that the 12% spin

transfer they obtain can not be held solely responsible for the above

mentioned 43% reduction in A. In contrast Katayama-Yoshida and Zunger

obtain reasonable agreement between calculated and experimental hyper-

fine field on the Fe nucleus, but find a 29% spin delocalization at

variance with the ENDOR results. The basic problem is, of course, the
29

contradiction between the spin transfer as derived from Si ENDOR

(~ 5%), and that obtained from the reduction in A for Fe (~ 43%).

It will be shown in the following that this difficulty can be resolved

by applying the same LCAO treatment as used for the analysis of the

Ti. ENDOR data, instead of the one-electron treatment of Watkins and

Corbett [18] that was applied in the description of S=1/2 systems and

was also used in [1]. It allows an interpretation of the Fe ENDOR

data in which the spin density is more delocalized than the 5%

obtained by Greulich-Weber et al., even when corrections for the dis-

tant dipole-dipole interaction are taken into account. We will furth-

ermore present evidence supporting this interpretation, obtained from

an ENDOR experiment on the Si:Fe. system with simultaneous application

of uniaxial compressive stress. This allowed the experimental deter-

mination of the relative signs of the hyperfine interaction tensors

and the elimination of the existing ambiguity in interpretation of the

ENDOR data.

4.2 Preliminaries

4.2.1 Symmetry orbitals and hyperfine interaction tensors

The LCAO treatment that we will apply to the Fe? case is entirely

equivalent to the case of Ti. ; approximations and calculational pro-

cedure have already been discussed in detail in [2], to which we also

refer for notation. The systems are different, however, in their

groundstates; paramagnetism arises from three electrons in t -states
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for Ti and from two electrons in e-states for Fe°. Consequently, we

will describe the wavefunction of the Fe° groundstate by taking linear

combinations of 3s and 3p orbitals of the silicon lattice transforming

as the e irreducible representation of the 53m symmetry pointgroup and

admix these to the d 2_ 2
 ant* d, 2 2 orbitals of the same e represen-

tation.

For a 3 class shell, with atom positions and ligand orbitals as

shown in fig. 4.1a, we obtain the following expressions for the sym-

metry orbitals :

*3z2-r2 = a d3z2_r2 + J 6. [ (u1x+ u 2 x + u 3 x + *4x) (4.1)

Tx2_y2 - « dx2_y2 + £ &i [ (u1y+ u2y+ x3y+ u4y)

+ /3 (,u+ «2x+ Tt3x+ 7t4x)

yielding the following hyperfine interaction tensor for atom 1 :

Z b

£ b = 4 4? 8^tA- < r~ 3 >p and bdd = 4i 8liBgN^R"3 (R = dlstance Fe"
Si). The isotropic part a of the hyperfine interaction tensor is

zero by symmetry in this approximation. Due to our choice of coordi-

nate system this tensor is on principal axes.

For a 2mm class shell (fig. 4.1b) we get:

*3Z2_r2 = « d3z2_r2 + -^ h (281+ 2s6- s2- S3- v 85) (4.3)

+ 7T2 y± ( 2 o 1 + 2 o 6 ~ °2" a3~ V a5)

V-y2 = a dx2-y2 + Y Pi <S2+ S4~ S3" S5 ) + 1 Yi ( a2 + V °3~ a5)

yielding the following hyperfine interaction tensor for atom 1 :
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r - b "bdd

* - A - i ^ l -b -b
dd

(4.4)

2W
2bdd

1 102 2
a = 2l5 * F i ' T '

Note that the off-diagonal element is zero to this order although the

tensor is on cartesian coordinates.

For an m class shell (fig. 4.1c) we obtain the following symmetry

orbitals :

- r2 - a d3z2-r2

+ 76 h S2+ S3+ V

+ 71 a 1 + °2+ °3+ a4 )

T (a5+ V" °1+ a8+ °9+ a10+

78 5 i [ U 5 X
+ U 6 X

+ l t7x+ ^S

76 £ i [ ( l l1y+ *2y+ W3y+ ll4

1 Ox

- Y <*5y+ ^6y+ "7y+ "8y+ V * lt

x2_y2

+ 75
+ 76

" S 5 - S 6 " S 7 " S 8 + S 9 + s 1 0 + S 1 1 + S12>S 6 " S 7 " S 8 + S 9 + s10 12

("05"

+ TS ei [ ("u5y" ̂ y " *7y~ ll8y+ 1l9y+ l̂Oy"1" 1t11y+ Tt12y>

yielding for atom 1 the hyperfine interaction tensor components:

2 6i - Yi ~ e?> b "
Byy
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yz zy 2S 2 ri i

B = B = B = B = 0
xy yx xz zx

1 1 2
a = •=•=• . -H3. . a

2S 6 i o

This tensor is given on the on % coordinate system defined in fig.
x y

4.1c.

As Greulich-Weber et al. did not observe any hyperfine interac-

tion with lattice sites of general symmetry this type of shell is not

considered.

The transfer to the n orbitals for 2mm shells turns out to be

forbidden; as a consequence the cartesian hyperfine tensor contains to

first order no off-diagonal terms and is exactly <100> axial. Experi-

mentally these tensors were found to have their largest eigenvector

along the <100> axis, but are not really axial as evidenced by the

b'/c' ratio of about 1.5. Still we can conclude that the distant

dipole-dipole interaction with the spin density on the central ion and

transfer to the a orbital dominate the hyperfine interaction, espe-

cially when compared to the Ti. system, where the transfer to the n

orbitals is allowed and dominant, resulting in an approximate <011>

axiality of these tensors. For this latter system the off-diagonal

tensor element is 4751.6 kHz [2], which is an order of magnitude

larger than for Fe?, where it amounts to 520 kHz [1]. The magnitude

of the off-diagonal tensor element could possibly be explained by

including the multi-center contributions in the calculation of (4.4);

for the moment this first-order approximation will suffice however.

In the case of the 3 class shells the transfer to s and a orbi-

tals is forbidden. The spin density in the n orbitals gives rise to a

contribution to B opposite in sign to that of the distant dipole-

dipole interaction and therefore opposite in sign to (and moreover

half the size of) that found in the more usual one-electron treatment

[18]. The sign of b' is thus dependent on which of these contribu-

tions dominates the hyperfine interaction, which could be determined

experimentally if a* was determined by spin transfer and not required
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Figure 4.1 Orientations of a and % orbitals on atoms of
the different symmetry shells. The a orbitals are always
taken to point into the direction of the central ion for
all shells.
(a) a 3 class shell. The numbers 1,2,3 and 4 refer to the

ligands at positions nnn, nnn, m m and nnn (n integer)
respectively. The n, and it, orbitals are along [121] and
[10T] directions, respectively. Orientations of the
orbitals on 2, 3 and 4 are obtained by C. rotations about
the x, y and z axes.
(b) a 2tnm class shell. The numbers 1 to 6 refer to

(0,0,2n), (2n,0,0), (0,2n,0), (25,0,0), (0,25,0), (0,0,25).
The it orbitals are along the positive x, y and z directions
for all atoms.
(c) a m class shell. The numbers 1 to 12 refer to nnm,

nnm, nnm, nnm, nmn, nmn, nmn, nmn, mnn, mnn, mnn and mnn.
The TI1X and u-j orbitals are along [lTO] and [m,S,2n]
respectively. Orientations of the orbitals on 2 to 12 are
obtained by C_ and C. rotations of the silicon lattice.
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to be zero. Experimentally a' values are found to be non-zero and in

one instance (tensor 33) of substantial magnitude (although the

corresponding spin density would be less than 0.3%). It could be that

a* for 3 class shells is determined by exchange polarization of the

closed electron shells on the ligands as proposed in [1], an effect we

did not consider in deriving eq. (4.2). This (and the fact that the

off-diagonal element of T1 is non-zero), might be taken as evidence

that the paramagnetism does not arise from the e-states only and would

confirm a result from the spin-polarized Green's function calculations

by Katayama-Yoshida and Zunger [10] where a 5:1 magnetic moment dis-

tribution over the e- and t -states is obtained as a result of the

polarization of the filled t^-states by the spin density in the e-

states. The unbalance in the ,pin up/down transfer from the t -states

to the lattice could then give rise to additional hyperfine interac-

tion. The isotropic part a' of the 3 class shells is then not neces-

sarily of the same sign as for the other symmetry shells, where spin

transfer from the e-state is allowed and can be expected to dominate

all other effects. This has been recognized by Greulich-Weber et al.,

who take the opposite sign of a' for tensors 32 and 33 (in comparison

to the other four) in order to arrive at the correspondence between

b and b,,. Since the overall sign of the hyperfine interaction
exp dd ° Jr

tensors can not be inferred from the ENDOR data, this is a legitimate

choice and a reasonable one, in view of the correspondence above. If

one assumes however that this agreement is only fortuitous and takes

the sign of a' for tensor 31 equal to that of tensors 32 and 33, the

estimate of the spin density on the first neighbor shell increases

from a mere 1% to some 15%, since the sign of b' must be reversed

simultaneously. It is obvious that this latter interpretation is in

far better agreement with the observed reduction in central nucleus

hyperfine constant than that by Greulich-Weber et al.. Another argu-

ment in favor could be the fact that (for 90% spin localization on the

central ion and the experimental sign as chosen in [1]) b'-b,, = 1400

kHz - 0.9 x 1250 kHz = 275 kHz of the hyperfine interaction must be

due to a spin density in the forbidden o orbital, since it is of the

same sign as b... That the transfer to the forbidden a orbital wouldda
dominate over the transfer to the allowed % orbitals already for the
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first shell is rather unlikely. On the other hand it may also be

argued that the difference is only due to the inaccuracy of the

point-dipole approximation and/or the neglect of the multi-center con-

tributions in calculating eq. (4.2). At best we may conclude from

these considerations that the Fe ENDOR data are not necessarily incon-

sistent with a delocalized spin density. It is obvious that this is

critically dependent on the overall sign of the hyperfine interaction

tensors, making an experimental determination of these signs very

relevant.

4.2.2 ENDOR under uniaxlal stress

Greulich-Weber et al. analyzed their data with the following spin

hamiltonlan, containing electronic Zeeman, hyperfine and nuclear Zee-

man interaction terms :

'.?i ) (4.7)

where the parameter i enumerates the lattice sites around the defect.

For an S=1 , 1=1/2 system this gives rise to the level scheme of fig.

4.2, where the EPR and ENDOR transitions are also indicated. The

ENDOR transitions are to first order given by :

hv = AE = |gNtijjB - fi.X.fi ms| (4.8)

with fi a unit vector along the magnetic field B. The ENDOR spectrum

is thus seen to be symmetric around the nuclear Zeeman frequency

v = g p,.TB/h. For a given orientation of the magnetic field and for

each Fe- Si orientation in the lattice we therefore expect to find 3

ENDOR resonances, one above, one at and one below v (unless the ENDOR

pattern is so anisotropic that the Zeeman frequency is crossed as e.g.

happens for tensor 31 where, as a result of second-order effects,

there can be two frequencies below or above v for certain directions
z

of §; this does not change the essence of the following, however).

Experimentally the ENDOR transitions are obtained by monitoring the

EPR intensity while scanning the radio frequency; when an NMR
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Figure 4.2 Level scheme of the Si:Fe? system (S=1,I=y) for
A ff> 0 (1) and A f f< 0 (2). Level ordering is consistent
w?En g = +2.070 an! g = -1.1097, but is not to scale.

transition is passed, this will result in an intensity change of the

EPR signal. Since the ENDOR mechanism is based on spin relaxation

processes, the intensity of an EPR resonance will be affected more by

an NMR transition connected directly to it, than by an NMR transition

that is only indirectly coupled. Experimentally this effect has

already been observed for Ti. and Cr. in silicon [19,20], and may be

expected to occur for the Fe system as well. The ENDOR effect of

transition 1 ** 2 for instance is expected to be larger on EPR transi-

tions 1 *> 3/2-** 4 than on EPR transitions 3-w- 5/4 <•>• 6, while the reverse

will be true for NMR transition 5++ 6. Depending on the sign of A =

fi.A.fi we will either observe the resonance above the Zeeman frequency

more strongly on EPR transitions 1 •*+ 3/2 «•» 4 (situation 1) or that

below v (situation 2), while the reverse holds for EPR transitions

3++ 5/4+* 6. Unfortunately the EPR fine structure vanishes in cubic

symmetry and a distinction between situations 1 and 2 can not be made.

It is however possible to separate transitions 1-H-3/2*>4 from

3*» 5/4*+ 6 by applying uniaxial stress [13,21], which will reveal
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Itself in EPR by a splitting of the Fe. resonance into two components

as shown in fig. 4.3. Formally this is accounted for by augmenting

the spin hamiltonian (4.7) with a term l.tf.3, that does not affect the

ENDOR resonance frequencies to first order, but separates transitions

1*»3/2<*4 considerably from 3*+ 5/4-o- 6. By performing ENDOR on both

stress-split EPR resonances separately it becomes possible to distin-

guish between situations 1 and 2, allowing the determination of the

relative signs of the hyperfine interaction tensors. If the sign of

the g-value is known it is even possible to establish the absolute

sign, due to the thermal population difference of the three level-

pairs, leading to the intensity difference of the stress-split EPR

resonances (fig. 4.3). _^

B 111011]
"pnioTu

i i i

776 777 778 779 780 781 782
B(mT)

Figure 4.3 Recorder trace of the Fe° EPR spectrum at 1.5 K
and v = 22.5682 GHz, $ II [011] under [OTi ] uniaicial
compressive stress P=4.4 MPa.
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A.3 Experimental

4.3.1 Procedure

Floating-zone dislocation-free P-doped silicon samples (15x2x2
3

mm , initial resistivity 100 Qcm) were scratched with iron and subse-

quently annealed for 17 hours at 1250 C under argon atmosphere in a

closed quartz ampoule. After diffusion the samples were quenched from

1250 °C separately with various quenching speeds, ground and chemi-

cally etched in order to remove a layer of approximately 0.1 mm. The

samples were then stored at 77 K until the measurements. In all these

samples the Fe° EPR resonance could be observed; the best signal

(large signal-to-noise ratio, little line broadening due to internal

stresses) was obtained from the sample most rapidly quenched, that was

therefore selected for the ENDOR measurements.

These measurements were performed with a superheterodyne spec-

trometer operating at 23 GHz and adjusted to detect the dispersion

part of the EPR signal at an incident microwave power of 1 ^W. The

magnetic field could be rotated in the (Oil) plane of the sample and

was modulated at a frequency of 83 Hz. In order to separate the EPR

transitions we could apply compressive stress along the [OTi] direc-

tion via a stainless steel rod. We used a silver coated epibond cav-

ity; in the thin silver layer on the cylindrical side wall of the cav-

ity a spiral groove was cut, making it suitable as an ENDOR coil [3].

For ENDOR measurements the RF field was square-wave modulated at 3.3

Hz to allow double phase-sensitive detection of the signal. The sam-

ple was held at 1.5 K by pumping the He-bath.

4.3.2 Results

The ENDOR resonance frequencies were computed with the spin ham-

iltonian (4.7) and the hyperfine parameters as given by Greulich-Weber

et al. for the six shells measured. The regions around these frequen-

cies were scanned in ENDOR with the magnetic field along the [100],

[111] and [011] direction without applied stress. No resonances of Ml
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and T1 could be observed below the Zeeraan frequency; although it is

possible that our ENDOR coil is less efficient in the low-frequency

region where these resonances are expected, it is more likely that our

passage conditions were unfavorable for their detection. These reso-

nances are however not really necessary for the sign determination of

the tensors. In order to exclude any mistake we made a least-square

parameter fit to the observed resonances with a computer diagonaliza-

tion of the hamiltonian (4.7), keeping the electronic g-value fixed at

g = 2.070 and the nuclear g-value at g = -1.1097 [22]. The parame-

ters so found were in agreement with those of ref. [1].

Next we applied 4.4 MPa compressive stress along the [OTi] direc-

tion, thereby causing the EPR resonance to split into its two fine

structure components and scanned the regions in which the resonances

where found in the unstressed case, on both EPR lines separately. In

the worst case (M2, t II [100]) we observed a 2:1 intensity ratio of

the ENDOR resonances above/below Zeeman frequency on the high-

intensity EPR resonance; since this reversed on the low-intensity EPR

line we may attribute this solely to the effect described in section

4.2.2. Usually the effect was far more pronounced as can be seen in

fig. 4.4. The shift in resonance frequency was within 2 kHz con-

sistent with the change in nuclear Zeeman frequency due to the differ-

ence in resonance field %% the effect of stress on ENDOR line posi-

tions is thus seen to be nearly negligible as expected. These results

are summarized in Table 4-II; the magnitude of the parameters is

obtained from the unstressed data set and the overall signs of the

tensors are as determined from the stressed ENDOR data, using an elec-

tronic g-value g = +2.070 and a nuclear g-value g = -1.1097. The

sign of the g-value has been determined for several defects in silicon

(including the interstitial 3d transition metal Cr ) and was always

found to be positive [23]; the absolute signs of the hyperfine tensors

are therefore probably as given in Table 4-II. The tensors and direc-

tions of eigenvectors in this table are defined in the coordinate sys-

tem of figure 4.5 and valid for :
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(Q)

31 (HF)
BIII011]
PIII011]

i I _L I
781 7.82 783 7.84 785 7.86

vIMHz)
5.32 533 534 535 536 537

v(MHzl

31 (LF)

I
7.81 782 783 784 785 786 5.32 533 534 5.35 536 537

v(MHz) v(MHz)

Figure 4.4 Recorder traces of the Si:Fe. ENDOR spectrum at
1.5 K and v = 22.5682 GHz, B // [011] on the high-field
(HF) and low-afield resonance (LF) of figure 4.3. For the
same Fe- Si orientation the ENDOR transitions above/below
v appear on different EPR components for tensor 31 (a).
The shift of resonance frequency due to the difference in
B and B „ is expected to be less than 10 kHz. Although
tne ENDOR resonances above v occur for both 31 (a) and T1
(b) on the high-field resonance this does not lead to the
same sign of a' of these tensors. The resonances shown for
T1 do not coincide due to a small tilt of the magnetic
field rotation plane with respect to the (0T1) plane.
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Ib)

T1 (HF) _^T\ (LF)
EflltOH]

11.64 11.68 11.72 11.76
V (MHz)

j I l I i i

11.64 11.68 11.72 11.76
v(MHz)

Figure 4.4(b)

1. the atom on the [111] axis for shells 31 - 33.

2. one of the two atoms on the [001] axis for T1 , since no unique

assignment of the hyperflne tensor to one of these two atoms can be

made.

3. one of the two atoms in the (T10) mirrorplane, for shells Ml and

M2 (as for T1).

Data for atoms in the shells, other than just specified, can be

obtained by applying the appropriate symmetry transformations.

Typical widths of the resonances were 2 - 3 kHz FWHM, allowing

line positions to be determined with an accuracy of 0.7 kHz. The devi-

ations of calculated ENDOR frequencies from experimental values was

generally less than this value. The parameters of Table 4-II are also

given in terms of a', b' and c' in Table 4-III, allowing convenient

comparison to the data of Greulich-Weber et al. in Table 4-1.
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Figure 4.5 The Fe-interstitial (black sphere) surrounded
by silicon atoms. This figure also shows the coordinate
system on which the cartesian hyperfine tensors and
directions of eigenvectors of Table 4-II are defined.

4.4 Discussion

The agreement between experimental and calculated values of b'

(point-dipole approximation) is clearly destroyed, due to the fact

that tensor 31 is of opposite sign as chosen in ref. [1J. The assign-

ment of experimental tensors to specific lattice sites is therefore no

longer evident. All values of a' of the 3 class tensors have the same

sign however, and are opposite to those of the other symmetry shells;

this can be taken as clear evidence that a' of the 3 class tensors

(a*>0) is not determined by spin transfer from the e-state, since an

electron in a 3s orbital gives rise to a hyperfine interaction of

a = -4749 MHz [24]. In contrast, a' of the other symmetry shells is

negative, as expected, since for them spin transfer to the silicon 3s

orbitals is symmetry-allowed. This conclusion is independent of the

sign of the g-value, since a* and a will reverse sign simultaneously
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Table 4-II

Parameters, orientations and signs of hyperfine tensors of Si neigh-

bors of Si:Fe. (in kHz), as determined in this work. Tensors are given

in cartesian components and as principal values A with corresponding

principal directions ft".. Experimental uncertainty is + 0.7 kHz.

Shell t

31

32

33

157.6

1402.1

1402.1

776.5

-196.3

-196.3

3244.7

-156.7

-156.7

1402.1

157.6

1402.1

-196.3

776.5

-196.3

-156.7

3244.7

-156.7

1402.1

1402.1

157.6

-196.3

-196.3

776.5

-156.7

-156.7

3244.7

1

2

3

1

2

3

1

2

3

2961.8

-1244.5

-1244.5

383.9

972.8

972.8

2931.3

3401.4

3401.4

[-0.577,-0.577,-0.577]

[ 0.408,-0.816, 0.408]

[ 0.707, O.OOO.-O.7O7]

[-0.577,-0.577,-0.577]

[ 0.408,-0.816, 0.408]

[ 0.707, 0.000,-0.707]

[-0.577,-0.577,-0.577]

[ 0.408,-0.816, 0.408]

[ 0.707, 0.000,-0.707]

Tl -3842.7 -514.4 0.0 1 -4357.1

-514.4 -3842.7 0.0 2 -3328.3

0.0 0.0 -6239.7 3 -6239.7

[-0.707,-0.707, 0.000]

[-0.707, 0.707, 0.000]

[ 0.000, 0.000, 1.000]

Ml

M2

3729.0

-361.4

-435.7

-398.5

-99.0

-74.8

-361.4

-3729.0

-435.7

-99.0

-398.5

-74.8

-435.7

-435.7

-4152.4

-74.8

-74.8

-347.3

1

2

3

1

2

3

-3367.

-3504.

-4738.

-299.

-292.

-552.

6

5

4

6

7

1

[-0.707, 0.707, 0.000]

[-0.512,-0.512, 0.689]

[ 0.487, 0.487, 0.725]

[-0.707, 0.707, 0.000]

[ 0.324, 0.324,-0.889]

[-0.628,-0.628,-0.459]
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Table 4-III
29

Parameters, orientations and signs of the Si hyperfine interaction

of the Si:Fe° system in terms of a', b' and c' (in kHz), this work.

Experimental uncertainty is ± 0.7 kHz.

shell assignment

Tensor a' b' c' Z, , 1 2 3
hf

31 157.6 1402.1 0 [111] 1 4 or 5 4 or 5

32 776.5 -196.3 0 [111] 4 or 5 1 5 or 4

33 3244.7 -156.7 0 [111] 5 or 4 5 or 4 1

T1 -4641.7 -799.0 -514.4 [100] 2 2 2

oMl -3870.2 -434.1 +68.5 < [111] = 11.2 3 3 3

M2 -381.4 -85.3 -3.5 < [111] = 7.9° 6 6 6

if the g-value would appear to be negative. This observation therefore

confirms the e symmetry of the groundstate.

In contrast to the case of Ti it is possible to determine the
2 2 2 2

wavefunction coefficients p., y., 6. and E. uniquely from the experi-

mental hyperfine interaction parameters and to extract exact

transferred spin densities (TSD), using the values for
>
P

9 —^
Is, (0)1 and <r > [24], once an assignment of tensors to specific
I 1 I p
lattice sites has been made. We will analyze the Fe° data for three

possible assignments of these tensors, summarized in Table 4-III

(notation as in ref. [2]). In all these assignments the total TSD is

about the same, but in assignment 1 the distribution of the spin den-

sity over the lattice is considerably different from that obtained in

assignments 2 and 3. In the former case the spin density is mainly

concentrated on the first shell and no spin density can be obtained

from 32 and 33 (fig. 4.6a), since b' after correction for b,, is of
dd

the wrong sign with respect to (4.2). Assignments 2 and 3 both yield
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Figure 4.6 Transferred split densities (TSD) to the lattice
versus spin localization a on the Fe atom, as obtained
from the hyperfine interaction tensors in the assignments
of Table 4-III.
(a) 3 class shells, assignment 1. Tensor 32 and 33 do not

contribute any TSD in this assignment (see text)
(b) 3 class shells. In assignment 2 only tensors 31 and 32

contribute TSD (solid line); in assignment 3 tensor 32 does
not contribute (dashed line). The TSD obtained from 31 is
equal in both these assignments.
(c) m class shells. In the case of Ml only one assignment
(within the 3TT shell) yielded real coefficients for the
symmetry orbitals (a > 0.3). In the case of M2 both
assignments within the 331 shell yielded real coefficients,
indicated by the solid and the dashed line. The former is
used in calculating M and the total TSD.
(d) total TSD of all "measured shells in assignment 1. The

dashed line gives the connection between transferred and Fe
localized spin density.
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a spin density on the first nearest-neighbor shell that is of compar-

able magnitude to that on the ne>:t 3 class shell (it is even smaller),

which is somewhat contrary to our intuitive expectations (fig. 4.6b).
2

No TSD values could be obtained for Ml for values of a < 0.3 without

allowing imagir ry coefficients in the expressions for the symmetry

orbitals (fig. 4.6c). Since this would correspond to a spin delocali-

zation of over 70%, whereas the reduction in central nucleus hyperfine

parameter A amounts to 43%, such a situation is not likely to recur.

The total spin delocalization and the contributions from the

three classes of neighboring sites is shown in fig. 4.6d. The dashed

line in this figure represents the normalization condition

2 9 9 9 9
« + $ < Pi + Y- + &i + ej) = 1

in which overlap integrals have been omitted. Inclusion of these terms

would require a more detailed knowledge of the spatial extent of the

atomic orbitals, while their influence on the estimate of the total

TSD would only be marginal as evidenced by fig. 4.6d. In assignment 1

we therefore obtain a spin localization of 25% on the six shells meas-

ured, which is only slightly less in assignments 2 and 3. This esti-

mate complies well with the observed reduction in central nucleus

hyperfine interaction parameter A and is in remarkable good agreement

with the Green's function calculations by Katayama-Yoshida and Zunger

who predict a 29% spin delocalization. In contrast to the Ti. system

the bulk of the transferred spin is not on the second-neighbor shell,

but rather on the first shell. Differently stated : the t -state seems

to be mainly hybridized with the second-neighbor shell orbitals, while

the e state is mainly hybridized with orbitals on the first shell. It

would be interesting to see whether this could be experimentally con-

firmed in another transition metal system in silicon or be produced in

theoretical calculations.

The fact that tensor 32 and 33 do not yield a spin density in

assignment 1 means that the spin density drops very fast with distance

from the Fe nucleus; on the iron nucleus itself we find approximately

75 % of the spin density, ~ 16% on the first nearest neighbor shell,

on the third shell ~ 8% and next to nothing on the other shells (which

makes the iron system a good candidate for a cluster calculation ! ) .
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There remains a part of b' unexplained for tensors 32 and 33 in this

assignment; they still yield some -35 and -75 kHz anisotropic hyper-

fine interaction after subtraction of the distant dipole-dipole

interaction with the central nucleus (-125 kHz for 75% Fe localiza-

tion). As it is of the same sign as b , it must be due to a spin

density in the o orbitals (forbidden) or due to multi-center contribu-

tions. That the latter is probably the case may be seen by calculating

for instance the contribution to b' on the (222) lattice site due to

the spin density on the (111) position (~ 4%) in the point-dipole

approximation, yielding an extra -50 kHz. Similarly we can calculate

the contribution to the off-diagonal element of T1 (-514 kHz) for atom

(002) in the second shell from the spin density on atoms (111) and

(TT1) of the first shell in assignment 1, which amounts to ~ -100 kHz

in the point-dipole approximation. The contribution from the matrix

element

< d3z2-r2 i ̂  I -1 >

is zero for symmetry reasons and contributions from the other shells

can be neglected with respect to that from the first shell. Clearly

these multi-center contributions can not explain the observed value of

c' (T1) and we are therefore led to conclude that it is probably

caused by spin polarization of the t,, state, confirming the Green's

function results from Katayama-Yoshida and Zunger. The occurrence of

positive values of a' for the 3 class shells is not in contrast to

this, although the data do not exclude the possibility that the afore

mentioned effects originate in part (or completely) from spin polari-

zation of orbitals which transform as other irreducible representa-

tions of the 53m symmetry group than t-•

4.5 Conclusions

The contradiction between the observed reduction in centrr.l

nucleus hyperfine parameter, indicating a relatively delocalized spin

density, and the END0R data of Greulich-Weber et al. , leading in their

view to a highly localized spin density, could be eliminated by a
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reinterpretation of their data. The experimental determination of the

signs of the hyparfine interaction tensors, as presented here,

strongly supports this reinterpretation and leads to a fairly delocal-

ized spin density (25%), in good agreement with the spin-polarized

self-consistent Green's function calculations by Katayama-Yoshida and

Zunger.
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CHAPTER 5

ELECTRON NUCLEAR DOUBLE RESONANCE OF TITANIUM IN SILICON

II. 47T1 and 49T1 ENDOR

Abstract

The electron nuclear double resonance spectra of Interstitial
47 + 49 +
Ti and Ti In silicon have been measured at 4.2 K. Spin hamil-

tonlan parameters of these systems were determined, including hyper-
3 2 2

fine contributions of the type S I and S I . The normal hyperfine

interaction parameter A exhibits a small hyperfine anomaly, indicating

that it is mainly due to contact interaction. The higher-order term
2 2

S I is shown to arise from nuclear electric quadrupole interaction.

A crude calculation of the higher-order interaction term S I , which

includes covalency to first order demonstrates the importance of the

excited state structure and yields some qualitative agreement with

experiment.
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5.1 Introduction

Titanium forms two donor states and one acceptor state in the

bandgap of silicon, as determined by DLTS [1-3]. These levels have

tentatively been identified by Weber [4] as 3d2/3d3 (Ev+0.25 eV),

3d3/3d4 (E -0.28 eV) and 3d*/3d5 (E -0.08 eV), an identification that

received support frora the EPR observation of Si:Ti at an interstitial

site of 53m symmetry [5] . The g-value of this spectrum,

1 .99806 ± 0.00004, is very close to the free electron value, which

indicates substantial quenching of the electron orbital moments. From

the small g-shift a large reduction of the spin-orbit coupling parame-

ter was deduced, probably due to covalency. This conclusion was sup-

ported by an equally large reduction of the contact hyperfine interac-

47 49
tion with magnetic Ti and Ti nuclei as compared to the free ion

case. Such reductions are endemic for interstitial transition metals

in silicon, as shown in Table 5-1, where we have collected values of

the hyperfine constant A for a number of 3d transition metals. Here

we restricted ourselves to metals with orbital singlet ground states,

since the presence of orbital angular momentum influences the magni-

tude of A considerably. Direct evidence that the reductions are at

least partly due to covalent charge transfer could be obtained from a
29 +

Si END0R experiment on the Si:Ti system, which yielded hyperfine

interaction parameters of 17 shells of silicon neighbors, comprising

214 atoms. The LCAO analysis of these parameters yielded a minimum

transfer of the spin density (MTSD) of some 40 % from the titanium ion

to the silicon lattice [6]. The same analysis could be applied to the

case of Si:Fe° and indicated a 25 % spin transfer [7] to the first six

neighbor shells, significantly higher than earlier estimates [8].

Similar conclusions were reached from a theoretical point of

view; Katayama-Yoshida and Zunger [9] and Beeler et al. [10] obtained

considerable spin transfer in their self-consistent Green's function

calculations. Both works reproduce the levels of interstitial transi-

tion metal ions in the bandgap of silicon quite accurately and predict

low spin states for Ti° and Ti". These predictions could sofar not be

confirmed eKperimentally, however. In addition Katayama-Yoshida and

Zunger calculated g-values and A-values in good agreement with
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Table 5-1

Hyperfine interaction parameters A and derived contact spin densities

6ps. for 3d transition metal ions in silicon [27,5]. The latter are

not corrected for the spin-orbit contribution; the error is however

less than 4% for all transition metals quoted, with the exception of

Fe , where A , amounts to 6.6 MHz. The free-ion values for the 4s

spin densities are obtained from ref. [23], the core polarization (CP)

values have been taken from fig.4 in ref. [28].

op(0)

Conf. Ion A(MHz) gN 6psi 6

3d3

3d5

3d8

Ti+

V 2 +

Cr+

Mn 2 +

Mn~

Fe°

± 15.

-126.

+31.

-160.

-213.

+ 20.

66

21

99

30

69

93

-0

+1

-0

+1

+1

+0

.3154

.471

.3163

.387

.387

.81

+ 1

-2

-4

-4

-2

± 1

.26

.19

.27

.86

.59

.89

+20.08

+22.80

+18.97

+29.01

+29.01

+32.61

-5

-5

-9

-9

-4

-4

.2

.2

.4

.4

.0

.0

experiment. In order to provide additional information and further

tests for these (or other) calculations ENDOR measurements on magnetic
47 49
Ti and Ti nuclei were carried out.

5.2 Experimental procedure

Floating-zone dislocation-free p-type silicon samples (20x2x2

ram ) of various dopings (B, Al and In) were rubbed with wet TiO.

powder and subsequently annealed for 10 days at 1380 °C under argon

atmosphere in a closed ampoule of synthetic quartz. The TiO powder
/ 7

used was either enriched in the Ti isotope to 68.5±0.2 %, or in the

73



(a)
Si: In
LITi diffused

818
B (mT)

(b)
Si:B

i diffu- J

823 825 827 829
B (mT)

Figure 5.1 Recorder traces of the Si:^7Ti (a) and Si:49Ti
(b) EPR spectra at 4.2 K. The Si:^7Ti spectrum was recorded
at 22.808 GHz micro-wave frequency in an In-doped sample of
initial resistivity 10 ficm; the Si:49Ti spectrum was
obtained from a B-doped sample of initial resistivity 3 Qcm
at 23.104 GHz micro-wave frequency.

49
Ti isotope to 96.25±0.01 %. After anneal samples were allowed to

cool to just below red heat at the entrance of the oven and quenched

to room temperature from there. The samples were then stored at 77 K

until the measurements. Tn all these samples the Ti + EPR resonance
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could l,a observed (fig- 5.1); for best signal-to-noise ratio we

selected In-doped samples of initial resistivity 10 Qcm
16 3

(0.12x10 In/cm ) for the ENDOR measurements.

Measurements were performed with a superheterodyne spectrometer

operating at 23 GHz and adjusted to detect the dispersion part of the

EPR signal at an incident microwave power of 1 pW. The magnetic field

could be rotated in the (OTi) plane of the sample and was modulated at

a frequency of 83 Hz. We used a silver coated epibond cavity; in the

thin silver layer on the cylindrical side wall of the cavity a spiral

groove was cut, making it suitable as an ENDOR coil [11]. For ENDOR

measurements the RF field was square-wave modulated at 3.3 Hz to allow

double phase-sensitive detection of the signal. The sample was held

at 4.2 K.

5.3 Experimental results

+ 4

Interstitial Ti was demonstrated to have a A~ groundstate [5].

Such a system is not necessarily adequately described by a similar

spin hamiltonian as for an S=1/2,1=1/2 system in cubic symmetry

S S f + A §.f (5.1)

that contains electronic Zeeman, nuclear Zeeman and hyperfine interac-

tions terms.

As demonstrated by Koster and Statz [12] and Bleaney [13] there

are situations whera it is necessary to augment the hamiltonian (5.1)
3 3

with terms like S I, S B etc, that have non-vanishing matrix elements

between the spin basis states of the system. In general, terms of the

form SaI Bc with a<2S and b<21 should be included in the hamiltonian

of higher spin systems (electronic or nuclear). Since the hamiltonian

is a time-even operator and S,I and B are time-uneven operators, the

sum a+b+c is required to be an even number. A general procedure to

construct the spin hamiltonian of such a system in a given symmetry

has been given by Ray [14] and Geschwind [15]. Ray explicitly gives

the form of the spin hamiltonian in cubic symmetry for values of a up
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Figure 5.2 Level scheme of the Si: Ti system (S=3/2, I=/2).
Level ordering is consistent with g = + 1.99806 and A = +
15.66 MHz, but not to scale. The numbering of the EPR
transitions relates to the resonances of fig. 5.1(a) in the
following way: the resonance at lowest (highest) field
corresponds to EPR transition 1 (6).
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to 3 and b and c up to 2. Some of these terms must be described by 2

parameters in cubic symmetry. Many of them have been found experimen-

tally in ENDOR on transition metals in ionic compounds [13,16-18].

For interstitial titanium in silicon they may occur as well.
47

If we apply the hamiltonian (5.1) to an S=3/2,1=5/2 system ( Ti)

or an S=3/2,1=7/2 system ( Ti), 20, respectively 28, coinciding ENDOR

frequencies result, that show no angular dependence on rotation of the

magnetic field in the (OTl) plane (fig. 5.2). Experimentally we

observed 20 (28) different ENDOR frequencies, that all have an angular

dependence proportional to

p(6) = 1 - 5 sin2e + ̂ - sinAG (5.2)

with 9 the angle between ? and the [100] direction. In addition we

observed a number of weaker satellites (fig. 5.3) that follow the same

angular dependence as the high intensity resonances (fig. 5.4). The

weaker lines were found to be proportional to the square of the RF

power, whereas the strong ones were directly proportional to the RF

power. The weaker satellites may therefore be identified as two-

quantum transitions of the same system. The non-coincidence and angu-

lar variation of ENDOR resonances indicate the necessity to include

additional terms in the spin hamiltonian (5.1). Since we have no a

priori information as to which terms are important, we calculated

ENDOR transitions for all permitted terms as given by Ray in first

order perturbation theory. Although many terms yield the observed p(9)

dependence, no single term could reproduce the internal and relative
3

multiplet splittings. It was necessary to include an S I (1 parame-
2 2ter) and an S I (two parameters) term in order to obtain approximate

agreement

K = K, •*

^

t o

- u

- a

experiment:

3 3
[ < i x + s;iy

[(SxSy + V x ) ( I x I y

- } (3S(!
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Figure 5.3 Recorder trace of the Si: Ti spectrum at 4.2 K
and v^ = 22.808 GHz, t = 815.80 mT // fOil ] . The ENDOR
spectrum has been taken on EPR resonance 4; the ENDOR
resonances correspond to the transitions as given in fig.
5.2.
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Figure 5.4 Angular dependance of ENDOR resonances on EPR
resonance 3 at v, « 22.808 GHz and B = 815.27 mT. The
solid lines represent the single-quantum transitions, the
dashed lines designate the double quantum transitions.

78



Table 5-1I

Spin hamiltonian parameters of Interstitial

silicon.

and A 9Ti + in

47
Ti

49
Ti

g

A

U

a

b

1.99806

-2.40216

15.64505

-11.05

-0.222

0.012

+ 0.00004

± 0.00004 MHz/T

+ 0.00003 MHz

± 0.06 kHz

± 0.005 kHz

+ 0.001 kHz

1.99806

-2.40277

15.65070

-11 .10

-0.085

0.005

+ 0.00004

± 0.00005 MHz/T

+ 0.00004 MHz

± 0.09 kHz

± 0.005 kHz

+ 0.001 kHz

A least squares fit of these parameters to the experimental data was

made in a computer diagonalization of the Hamiltonian matrices (dimen-
47 49

sions 24x24 for Ti and 32x32 for Ti). The results of this fit are

collected in Table 5-II. The remaining deviations of the data from

(5.3) did not exhibit any residual p( 6) dependence or any other sys-

tematic deviation. The quality of the fit could therefore not be

improved by inclusion of additional terms. Typical width of the reso-

nances was, in the case of Ti, 3.5 kHz FWHM, allowing line positions

to be determined with an accuracy better than 0.5 kHz. Average devia-

tion of calculated hyperfine frequencies from experiment were gen-

erally within 0.25 kHz. For unknown reasons these values were approx-
49

imately twice as large in the case of Ti.

5.4 Discussion

5.4.1 Electronic g-value

In the intermediate field approximation the cubic crystal field
4 4

splits the free ion F term in a A- groundstate and two excited
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4 4
triplet states T. and T. . An analysis of spin hamiltonian parame-

/

ters of such a A groundstate often starts from a perturbation hamil-

tonian that contains spin-orbit, electronic and nuclear Zeeman, hyper-

fine (orbital, dipolar and core polarization) and, occasionally,

spin-spin and quadrupole interaction terms, which couple the triplet

states to the groundstate. Low [19], for instance, gives expressions

for the electronic and nuclear g-shift and orbital hyperfine interac-

tion parameter which are correct to second order. The electronic g-

shift is given by the well-known expression :

Ag = g - 2.0023 - - J^L- (5.4)

with X the spin-orbit coupling parameter of the ground term and Dq the

crystal field splitting parameter. Effects of covalency, that are not

included in this expression, have been considered for an AB complex

by Owen and Thornley [20] . Since half of the transferred spin density

has been shown to reside on the second nearest neighbor shell in the

case of Ti [6], we will in a first-order approximation regard the

Si:Ti system as such an AB, system and use the expressions for Ag as

given by these authors. Expression (5.4) will still be valid for Ag,

provided that we replace \ by \'. In the ionic model, X' is just

X = ± C,/2S, the free ion spin-orbit coupling constant for the ground
3 8

term, being positive for the d and negative for the d configuration;

C, is the one-electron spin-orbit constant in a 3d-orbital. In the

covalent model K'= + k r /2S, with
an an

kan = V * (1 - 2\\ ' 2«oSo ~ 2asSs~ 1 W I % as d <*l£l-» <5'5>

where C is the spin-orbit constant on the silicon neighbors, d is the

distance between the ligand and the center of the complex and S , S
a %

and S are overlap integrals of the central transition metal ion ds
orbitals with silicon ligand orbitals. The coefficients N a etc

it' n

bear an obvious correspondence to the LCAO coefficients defined in

ref. [6,7] : N =a, N a = -e, etc. We used for N and N a the coef-

ficients as determined in the Ti ligand ENDOR, assuming the minimum

of 40% hybridization of ligand orbitals with t metal orbitals. The
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Table 5-III

Experimental and calculated g-shifts. &grv is the crystal field

result (5.4), Ag _ is the result from the Owen and Thornley expression

(5.5), using ligand ENDOR results of Ti and Fe°. In calculating these

results we assumed lODq = 5500 cm" . A g ^ are the Green's function
Gr

results of Katayama-Yoshida and Zunger [9].

Config. Ion ,

3d3

3d8

Ti+

v2+

Fe°

Mn~

-0.0042

-0.0131

0.0676

0.0081

-0

-0

0

0

.0436

.0824

.1854

.1854

-0.0171

-0.0337

0.0783

0.0779

-0.0111

-0.0292

0.0187

0.0407

coefficients N , N a are only defined for e-orbitals; therefore they

can not be determined from the Ti. ligand ENDOR, since the unpaired

magnetic electrons are in t orbitals. These coefficients were there-

fore taken to be equal to the coefficients determined in the Fe? ENDOR

[7], where the paramagnetic electrons are in e-states and the ligand

hybridization degree was found to be 25%. The overlap integrals were

evaluated numerically using Herman-Skilltnan wavefunctions [21]. For

lODq we take 5500 cm ; this estimate has been used before [5] and was

obtained from an extrapolation of lODq in II-VI and III-V compounds

[22] since optical data for transition metals in silicon are not

available. The expressions above apply both to d and d so that we

can calculate the g-shift for interstitial Ti+, V2+, Fe° and Mn~.

Although for Fe° the spin transfer is found to be mainly to the first

neighbor shell, whereas (5.4) is valid for AB., the estimate will not

be much worse than for Ti , since the g-shift calculated from eq.

(5.5) is mainly determined by the product ^ ^ 2

N = 0.75). The results are collected in Table 5-III, together with

the results of modern self-consistent Green's function calculations by
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Katayama-Yoshida and Zunger [9]. It may be notfcd here, that although

the Green's function results appear to be somewhat better than those

calculated above, closer agreement with experiment is likely to be

obtained if contributions from other shells are. also included, since

these will decrease k . In view of the uncertainty in the crystal

field parameter we will not stretch this model any further, however,

and just note the qualitative effect of including covalency.

5.4.2 Nuclear g-value

Low has also given an expression for the nuclear g-shift, which

may be expressed in the electronic g-shift :

( 5' 6 )

88|i|U<r >in which P = -r— 88N|iB|-Uj<r >,. Since the covalency is incorporated in

the electronic g-shift we can use the free-ion values

P = -0.00245 cm~ [23], K = 30 cm" [24] and the experimental elec-

tronic g-shift Ag = - 0.0042, yielding l^Ag = -- 0.0048 Mf'.z/T. Fuller

[25] has tabulated nuclear magnetic moments with and without correc-

tions for the diamagnetic screening by the closed inner shells [26];

since the screening of the Is, 2s and 3s orbitals is not expected to

be dramatically altered if the ion is embedded in a silicon matrix, we

will relate our experimental nuclear g-shift to the uncorrected NMR

experimental value (47Ti : -2.40015 ± 0.00018 MHz/T. 49Ti : -2.40081 ±

0.00020 MHz/T) rather than to the corrected value. We find
47 49

liNAgN = - 0.0020 MHz/T for both Tl and Ti, which agrees in sign

and order of magnitude with the calculated value. This agreement is

as good as could reasonably be expected since the silicon lattice will

provide additional diamagnetic screening.

5.4.3 Hyperfine interaction Â

The hyperfine interaction parameter A can be split in three

parts: a contribution due to unpaired s-electrons, a contribution due

to spin-orbit coupling and an orbital contribution, the latter being
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zero in cubic symmetry [19]. The spin-orbit part is given by

A , = P Ag = 0.31 MHz; if we compare this to the experimental value

|A| = 15.66 MHz it is obvious that the hyperfine constant is mainly

determined by contact interaction. This conclusion is further corro-
47

borated by a small, but measurable hyperfine anomaly between Ti and

Ti, which can only arise from the difference in distribution of the

nuclear magnetic dipole moment over these two nuclei:

A(47Ti) gM(
49Ti) _4

L^- 1 = (1.1 ± 0.3) x 10 * (5.7)
49 47

AC*Ti) gN(^'Ti)

This contact interaction can arise from various sources. First

it may arise from a residual spin density in the As-orbital, second it

may be due to polarization of the inner s-orbitals by the spin density

in the outer valence orbitals, and third, spin polarized valence band

orbitals can have a non vanishing spin density on the transition metal

nucleus [9]. The measured hyperfine interaction parameter has opposite

sign to the tabulated values of Morton and Preston for one electron in

a 4s orbital [23] for all four transition metal impurities of Table

5-1 for which the sign of A has been determined. This excludes the

possibility that the first mechanism dominates the value of A, in

accordance with the Ludwig and Woodbury model [27]. The second contri-

bution, cere polarization, is of correct sign as compared to experi-

ment [28] , and probably controls to a large extent the hyperfine

interaction parameter A, as assumed in refs. [6,7J. If we neglect the

third mechanism we can calculate the spin density in the 4s orbital.

We take into account the (minimum) spin transfer as determined in the

ligand ENDOR (a2 = 0.60 (Ti+) and 0.75 (Fe°)) and subtract the core
2

polarization contribution a x 6p_D(0) from the eKperimental value
CP

6p (0). When using the free ion value of 6p, (0) (Table 5-1), we

arrive at 0.09 and 0.03 electron in the 4s orbital respectively. This

is of the same magnitude as calculated by Katayama-Yoshida and Zunger

for the Si:Fe? system (0.06). The contribution from the third mechan-

ism is rather hard to assess with simple means; it depends largely on

the exact shape and polarization of the silicon orbitals and will

therefore not be attempted here.
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5.4.4 Higher-order term IJ

3
The higher-order hyperfine interaction term U S I has been

evaluated by several authors; in analogy to the treatment given by Low

one usually considers even higher-order perturbation terras in the

orbital hyperfine energy; Ham et al. [16] e.g. consider

< V | XL. S | 4T_X 4T, | \L-S|4T ><4T | PL. 11 4T?><
4T | \L. S | V >

L\ '—L £ ! ! £ £ £_ (5.8)
o

F F
20 H O

which yields an S I term. Here Eor. is the energy difference between
A 4 ^u- 4 4
T- and A? and E.Q the energy difference T1 - A». The result is

PXU = 120 -£± (5.9)

which Ham et al. reexpressed as

E20E10

U = " TWI P

using the crystal field result E-./E.,. = 5/9 and eq. (5.4)

(E_Q = lODq). Substituting the experimental g-shift and the free-ion
—4

value for P we obtain U=-7x10 kHz, which is clearly of the wrong

magnitude as compared to experiment. As we noted already the covalent
2 2reductions are to a large extent determined by the product N N in

case of the g-shift. This would mean that the U value as given by

eq.(5.10) is reduced by at least N N compared to the ionic case. This
a 7i

certainly overestimates the effect of covalency and is due to the
4 2

reexpression of (5.9) in Ag. If we recall that the states A., E,
2 2 3 4 4
T and T.. arise all from the t? configuration and T. and T from
t e in the strong field limit, we rather expect (5.8) to be reduced by

2 6
approximately N N in comparison to the ionic case. Under this

71 0 _1 2
assumption and using lODq = 5500 cm and the same values for N and
N as before, we calculate U 0.26 kHz for Ti+. Although still far

from correct, this value is already a lot closer to the experimental

value.
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A more detailed calculation by Woodward and Chatterjee [29], who

also Included contributions due to spin-spin interactions yielded U

parameters of the wrong sign and magnitude when compared to (ionic)

experimental values. In order to obtain agreement between experiment

and theory they extended their treatment to include contributions from
4 2 4

the P and G states. They found the P state contributions to be
2

rather small, but the G contributions could explain the experimental

data. This agreement was destroyed by Takeuchi et al. [30], who elim-

inated some errors from the calculation and found a somewhat different
2

expression for the G state contributions. As a result the theoretical

estimate falls short by a factor five, which they attributed to

covalency in their ionic case. In our more covalent system we will

give a (rough) estimate of the magnitude of this U parameter for the
3 + 2 +

two 3d ' transition metal ions in silicon : Ti and V . To this end
we corrected for covalency as indicated above; contributions to U from

4 +
the F state were calculated to be + 0.90 kHz for Ti and - 10.3 kHz

2+

for V . Experimentally the signs of the hyperfine interaction parame-

ters A, U, a and b have not been determined, but the signs of U, a and

b are fixed with respect to that of A. For Ti the sign of A is cal-

culated to be positive [9], which would make U = - 11.1 kHz. It

appears that the situation is similar to the ionic case : the calcu-
4

lated contribution of the F state is an order of magnitude too small
and of the wrong sign. In order to calculate the contribution from

2 2 2
the T , T9 and E states to the U parameter we estimated their posi-

4
tions with respect to the A. state from an extrapolation of the Racah

parameter B in II-VI and III-V compounds in a similar way as the cry-

stal field parameter [5,22] and find B = 200 cm" . From the ratio

Dq/B = 2.75 and a figure from Sugano, Tanabe and Kamimura [31], we

determined the energy level positions as given in Table 5-IV, in which

we also list the parameters used. The value of the spin-spin parame-

ter p and the integrals M° and M2 (defined in ref. [32]) for Ti+ were

found by extrapolation from the series Cr (p = 0.17 cm ) and V

(0.11 cm ). We feel justified to do so, in regard of the regularity

of the 3d4 series Fe 4 + (0-25 cm" 1), Mn 3 + (0.18 cm" 1). Cr 2 + (0.12 cm"1)

[32]. We used the expression of Takeuchi et al. , rather than that of

Woodward and Chatterjee [33] and give the results of the computation
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Table 5-IV

Energy levels, spin-orbit parameters C> spin-spin parameters p, M
2 2

integrals, dipole parameters P and covalency parameters N , N used

for computation of F and G contributions to hyperfine parameter U.

U_ denotes the range in which the separate contributions of Takeuchi's

expressions fall for this choice of parameters. The experimental value

of U of V 2 + will be published separately [34].

Si:Ti Si:V2+

E(4T2) (cm
 7)

E(4T1) (cm"
1)

E(2E) (cm"1)

E^T,) (cm"1)

E(2T2) (cm"
1)

C (cm"1)

P (cm"1)

p (cm )

M°
M2

N 2

a
N?

it

UR(
4F) (kHz)

U(4F) (kHz)

UR(
2G) (kHz)

U(2G) (kHz)

U(4F + 2G) (kHz)

U(exp) (kHz)

5460

7560

4140

4280

6220

90

-0.00245

0.05

0.40

0.20

0.75

0.6

-0.27 - +0.62

+0.90

-1.89 - +1.06

-2.01

-1.11

± 11.1

5460

7560

4140

4280

6220

168

+0.013

0.11

0.915

0.499

0.75

0.6

-11 .4 - +9.2

-10.3

-19.9 - +35.2

+36.5

+26.2

in Table 5-IV. No undue reliance should be placed on the exact

numbers in view of the approximations made and the fact that the

resulting U value is the sum of several equally large contributions,

that are in part of opposite sign. It is, however, in our view a
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reasonable estimate for the order of magnitude of the U parameter for

both Si:Ti+ and S1:V2+. At this stage we note the following similari-

ties to the ionic case:

1 • the U parameter is of opposite sign as compared to A,

2. the most important contributions to U come from the G state and

fire (in the case of Si:Ti probably) of the same sign as experiment,

3. the F contributions are of opposite sign and somewhat smaller,

4. the theoretical value falls short to experiment.
2+

In this estimate the U parameter for Si:V is expected to be

considerably larger than for Si:Ti , which has actually been found

experimentally [34]. Although some qualitative agreement is therefore

obtained in both the ionic and covalent case the quantitative agree-

ment is poor. That covalency effects should be held responsible for

this, as proposed by Takeuchi et al. , is not very likely in view of

these similarities, but can not be excluded without accurate optical

data for transition metal ions in silicon, that are thusfar unavail-

able. The similarity to the ionic case suggests, however, that the

magnitude of the U-parameter is rather determined by core shells than

by the electron spins in the 3d shell, since the former are less

affected by a change in ligands. The fact that the far larger hyper-

fine parameter A is to a large extent determined by contact interac-

tion is certainly not in contrast to this supposition. In that case

the failure of the above calculation to reproduce the experimental

results is not very surprising since it is limited to 3d and does not

take such configuration interactions into account. A real understand-

ing of the origin of the U parameter may possibly be obtained from a

more comprehensive treatment of the problem using e.g. self-consistent

Green's function methods. They fall, however, outside the scope of

this paper.

5.4.5 Higher order terms a_ and b_

2 2 3
The origin of the S I terms is the same as for S I ; if one takes

for instance PL.I twice in the perturbation expression illustrated in
2 2

(5.8) and XL.S twice, one generates terms of the type S I . These

terms are magnetic in origin, but are sometimes called pseudo
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quadrupole Interaction terras, since they transform in the same way as

the real electric quadrupole interaction. It is generally stated that

the quadrupole interaction vanishes in cubic symmetry, but such a

statement refers only to ions devoid of angular momentum. Di'e to

admixture of orbital angular momentum from higher states into the

groundstate, the 3d electrons of the Tl ion may certainly built up an

electric field gradient. As evidenced by the g-shift some angular

momentum has been mixed into the ground state, therefore allowing

(small) quadrupole coupling with the nucleus. For this type of

interaction Bleaney [35J has demonstrated that

and

l G Q * "~3 v in

~I(2I-1) < rq > 6"

with Q the nuclear electric quadrupole moment, n and m constants not

necessarily equal in cubic symmetry and <r > is the expectation value

of r over the unbalanced charge density. If the quadrupole interac-

tion determines a and b we may expect

/. o 4Q 4Q
_ bC*T±) _ 10 Q(^Ti)

47 4Q

a( Ti) b( Ti) 21

Using Fullers values for Q(47Ti) = 0.29 x 10~28 m2 and Q(49Ti) = 0.24
— 9ft 9

x 10 m we find this ratio to be 0.39±0.02. Experimentally we find
0.38±0.02 and 0.42±0.11 for a and b respectively. We therefore con-

2 2
elude that the S I term is caused by nuclear-electric quadrupole
interaction. The ratio n/m is found to be » - 4.

5.5 Conclusions

The observed electronic and nuclear g-shifts are found to be
4 4

caused by mixing of the T? state into the A2 groundst^te by spin-

orbit coupling; the magnitudes •': these shifts are governed by

covalency, and in the case of the nuclear g-shift, also by ^iamagnetic
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screening of the nucleus. The hyperfine constant A is determined by

contact interaction as evidenced by the hyperfine anomaly between the
47 49

Ti and Ti nuclei. A preliminary estimate of the magnitude of the U

parameter yielded some qualitative agreement with experiment, but the

quantitative agreement remained poor, similar to the ionic case;
2 2

therefore no definite conclusions on its origin can be made. The S I

term has been shown to arise from nuclear electric quadrupole interac-

tion.
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CHAPTER 6

EPR STUDIES OF HEAT-TREATMENT CENTERS IN P-TYPE SILICON

Abstract

The influence of acceptor doping (B,Al,Ga,In) on heat-treatment

(ht) centers in oxygen-rich silicon was studied by means of EPR and

resistivity measurements. EPR studies revealed that spectra Si-NL8 and

Si-NLI0 were practically the only ones which could be related to

thermal donors. They could be observed in all samples regardless of

their acceptor doping. The creation of NL8 was found to depend on the

initial acceptor concentration. For the aluminum doped material the

production of NL10 ht centers was particularly enhanced. No hyperfine

structure of either NL8 or NL10 was found in EPR for specimens whose

oxygen content was enriched to 46% in the 0 isotope. Thermal donor

(TD) concentrations, as found from the resistivity measurements, did

not follow the relations predicted by the existing descriptions of TD

formation.
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6.1 Introduction

It is well known that a large variety of heat treatment (ht)

centers ranging from point defects to large precipitates can be

created in silicon upon annealing in different temperature ranges.

The most studied ht centers are probably the so-called "thermal

donors ', produced at ~ 450°C annealing, that were discovered over 30

years ago, even before it was realized that oxygen was the main impur-

ity present in crucible-grown silicon. Later studies revealed that

interstitial oxygen was mobile at that temperature and could therefore

form small aggregrates upon annealing. Early investigations [1 ,2] sug-

gested that a cluster of 4 oxygen atoms constituted these "thermal

donors" (TD's), mainly on basis of the experimental observation that

the TD initial formation rate was proportional to the fourth power of

the initial interstitial oxygen concentration. Since that time many

papers have appeared on the subject of oxygen aggregation, containing

a large amount of experimental information as well as theoretical stu-

dies, that have recently been reviewed by Bourret [3]. The results

obtained by different techniques are not well correlated, however, and

no consensus has been reached on a theoretical model for TD's.

Among other techniques, magnetic resonance (EPR) has been applied

in the studies of heat-treated (ht) silicon [4-6]. These studies

revealed a variety of EPR centers, one of which, Si-NL8, has recently

been identified with one of the energy levels attributed to TD [7].

The efficiency with which NL8 was produced increased with the boron

concentration, which lead Muller et al. to the supposition that boron

was incorporated in this center [5]. Their efforts to establish the

presence of oxygen in these centers remained unsuccesfull, but this

may be attributed to the rather low concentration of 0 (~ 2%) they

could attain.

In the studies on oxygen-aggregation it has become customary to

distinguish two different types of donors:

1. the "thermal donors", formed in the 450 °C region

2. the "new donors", formed at higher temperatures (650-750 °C).

Infra-red absorption studies [8] demonstrated that this distinction is

only partially usefull, since IR spectra produced at higher
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temperatures are in part the same as those formed in the 450°C region,

and could in principle be responsible for all of the donor formation

at elevated temperature. Recent EPR studies on the defects produced

on annealing in the 650-750 °C region by Worner and Schirmer [9]

revealed the formation of two EPR spectra distinctly different from

those discovered by Muller, suggesting a different structure for the

"new donors".

The present study has a three-fold aim:

1 . to investigate the possible involvement of acceptor ions in the

formation of the EPR active centers,

2. to establish the presence of oxygen in these centers,

3. to investigate the difference in "thermal" and "new" donor struc-

ture.

To achieve these goals EPR and resistivity measurements have been per-

formed in parallel.

6.2 Experimental procedure

The materials used were purchased from Wacker Chemitronic, the

starting parameters of which are given in Table 6-1. The samples can

be categorized as follows:

1 . samples cut from high-quality crucible grown Czochralski-silicon

(Cz-Si).

2. samples cut from float-zoned silicon (FZ-Si), that were diffused

with oxygen under ultra-clean circumstances (to be described below) to

avoid undesired contaminations.

3. as 2, the oxygen gas used was isotopically enriched in the (mag-

netic) 0 isotope to 52.3 %.

Each set consists of four samples of differec acceptor doping; the

samples are all characterized by approximately equal and low carbon

contents - [CJ < 5x10 cm . The oxygen concentration of sample set 1

was approximately twice as large as in sample sets 2 and 3, as deter-

mined by infra-red absorption measurement, using the 1980 ASTM stan-

dard.
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Table 6-1

Starting parameters of the materials used. The carbon concentration

of all samples [C] < 5x10 cm" .

Sample

set 1

Growth Type Resist.

[Qcm]

Ace. Ace. Cone. Oxygen Cone.

[cm ] [cm 3]

Cz-Si:B

Cz-Si:Al

Cz-Si:Ga

Cz-Si:In

QC

QC

QC

QC

P

P

P

P

1 .3

3-5

2

7-11

B

Al

Ga

In

1 .3x10

4.0x10

2.0x10

4.5x10

16

15

15

14

1.3x10

1 .3x10

1.3x10

1.3x10

18

18

18

18

set 2

FZ-Si:B

FZ-Si: Al

FZ-Si:Ga

FZ-Si:In

FZ

FZ

FZ

FZ

P

P

P

P

0 . 3

0 . 8

1.5

10

6

Al

Ga

In

2.7x10

9.0x10

3.6x10

7.0x10

16

15

15

14

7x10

7x10

7x10

7x10

17

17

17

17

set 3 (46% 17O)

IE-FZ-Si:B

IE-FZ-Si:A1

IE-FZ-Si:Ga

IE-FZ-Si:In

FZ

FZ

FZ

FZ

P

P

P

P

0 . 3

0 . 8

1.5

10

B

Al

Ga

In

2.7x10

9.0x10

3.6x10

7.0x10

16

15

15

14

7x10

7x10

7xio

7x10

17

17

17

17
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Oxygen diffusion of the FZ material was conducted in a commercial

infrared oven (High Density Infrared Quad-Elliptical Radiant Chamber

E4 manufactured by Research Inc.) equipped with four 2 kW halogen

lamps and four water-cooled elliptic aluminum mirrors. The samples for

the diffusion were carefully aligned along the coinciding secondary

foci of the mirrors. The samples were closed in a high-purity syn-

thetic quartz ampoule filled with oxygen gas. Within the ampoule sili-

con supports were provided so that the samples could be placed along

the axis while avoiding direct contact with the quartz. Such arrange-

ment allowed to keep the temperature of the ampoule relatively low

while the temperature of the samples was close to that of the melting

point of silicon (1380 - 1400°C). A temperature difference of some

300°C between sample and quartz wall could be achieved if the ampoule

diameter was chosen properly. The oxidation/diffusion process was con-

tinued for 10 days. The samples of one set were diffused simultane-

ously in order to attain identical oxygen concentration. After the

diffusion the samples were rapidly cooled in a procedure similar to

that described by Muller [6]. This diffusion procedure was superior

to the conventional procedure in two aspects:

1 . The process was clean. The EPR spectrum of the "as diffused" sam-

ples showed no traces of any (paramagnetic) impurities in contrast to

earlier experiments (diffusion process conducted in conventional

ovens) in which always traces of rapidly diffusing transition metal

species were found.

2. There was only little exchange of oxygen atoms between the gas in

the ampoule and the quartz as proved by checking the isotope composi-

tion of the restant gas after the diffusion; the 0 concentration had

only dropped from 52.3 to some 40 % after 10 days oxidation/diffusion.

This could not be achieved in the earlier experiments [6] and was of

crucial importance for the diffusion of samples of set 3.

The samples of set 1 were carefully chosen for maximum and equal

oxygen concentration and underwent a similar quenching procedure as

the samples of sets 2 and 3 to ensure equivalent starting conditions.

Heat treatments at T = 470°C were carried out under argon atmosphere in

subsequent steps, between which resistivity and EPR measurements were

performed. In order to ensure equal ht conditions the four samples of
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each set were heat treated simultaneously. Heat treatments in the

higher temperature range with intermittent EPR and resistivity meas-

urements were performed along the same lines on the following samples:

a. samples of set 2, that had undergone extensive ht at 470 C, were

subjected to a subsequent anneal at 550 C for various times,

b. Cz-Si samples, that were given a two hour anneal at 650 C, fol-

lowed by a two hour anneal at 750 ° C

Sample resistivity was monitored by conventional four-point-probe

technique. EPR measurements were performed with a superheterodyne

spectrometer operating at 23 GHz and tuned to dispersion; the signal

was phase sensitive detected at 83 Hz magnetic field modulation. The

magnetic field could be rotated in the (OTl)-plane of the silicon sam-

ples. The measurements were performed in the 1.5 - 15 K temperature

range. The experimental arrangement permitted in situ white light

illumination.

6.3 Experimental results

No new EPR spectra were discovered in the present studies. Gen-

erally speaking two types of 2mm symmetry spectra have been observed,

which will hereafter be referred to as NL8 and NL10 in accordance with

the nomenclature adopted by Muller et al. [4]. In figures 6.1 and 6.2

the intensities of the NL8 and NL10 spectra as a function of anneal

time at 470 C are given for sample sets 1 and 2 respectively. In

these figures the concentrations of TD as calculated from room tem-

perature resistivity measurements are also included, where we assumed

each thermal donor to supply one electron. Both spectra were appear-

ing practically in all of the investigated samples with the exception

of FZ-Si:In in which NL8 could not be produced even after relatively

long annealing times. In addition to NL8 and NL10 traces of a reso-

nance spectrum, possibly NL9, could be seen for some annealing stages

of Cz-Si:6a and Cz-Si:B materials. Its intensity was always low and

the spectrum was hardly resolved. For longer annealing times the NL14

spectrum could be observed on several occasions, but its intensity was

also low.
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ht time
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Figure 6.1 Concentration of heat-treatment centers for
crucible-grown silicon samples (set 1) as a function of
annealing time (•)• o - NL8, A - NL9, + - NL10.
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Figure 6.2 Concentration of heat-treatment centers for
float-zone oxygen doped silicon samples (set 2) as a
function of annealing time (•). o - NL8, + - NL10, CI -
NLU.
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Muller et al. discovered in their EPR study of TD [5] that the

NL8 spectrum was changing its g values with increased annealing time,

while preserving its 2mm symmetry. The most pronounced shifting upon

prolonged ht was eKhibited by the off-diagonal element g of the
yz

cartesian g-tensor. This latter shift may conveniently be expressed
as the decrease of the separation in magnetic field AB (̂  g ) of the

it y Z

two EPR resonances observed with the magnetic field B parallel to the

[111] direction. These two resonance lines have the same intensity

and are well resolved even for spectra with relatively small aniso-

tropy as for instance NL10. In fig. 6.3 this separation AB for NL8

(obtained from the spectra of white light illuminated samples and

scaled to microwave frequency 23 GHz) as a function of annealing time

is given for sample sets 1 and 2. A continuous change of AB with ht

time may be noticed for all samples, while the data obtained from sam-

ple set 1 clearly fall on a different line than the data from sample

set 2. It is obvious that the Cz-Si samples are in a later stage of

the g-shifting process than the FZ samples at equal ht times, i.e. for

FZ material the AB value corresponding to that of the NL8 spectrum as

originally published by Muller et al. [4] could be observed after

approximately 200 hours annealing time, while for Cz-material this

already occurred after 10 hours. Apart from this effect another

remarkable phenomenon could be observed. Fig. 6.4 presents a com-

parison of data obtained for the same sample with and without illumi-

nation. The effect of switching off the light on the observed AB value

is comparable to that of about 100 hours annealing. No clear influ-

ence of the acceptor on the transformation process can be seen,

although some influence of acceptor doping might be concluded upon

from the spectra taken without illumination.

Spectrum NL10 undergoes a similar transformation as NL8, i.e.

the observed spectra also become less anisotropic with increasing

annealing time. Fig. 6.5 presents the AB dependence on ht time for

sample sets 1 and 2. In this figure the AB values for spectra NL10,

NL13 and NL17 [4', that all have similar g-value patterns, are also

indicated. The earlier supposition [5,6], that these three spectra

probably correspond to different stages of the same center and should

not be distinguished as arising from different defects is herewith
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Figure 6.3 The annealing time dependence of the g-shift
for the spectrum NL8 as observed under (white light)
illumination. Closed symbols correspond to set 1 (Cz-Si)
samples, open symbols to set 2 (FZ-Si) samples. AB values
are scaled to 23 GHz microwave frequency.

2.2

2.0

1.8

1.6

1.4

ATINL8) '
-ImT]

J L ^ r JL
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1

H
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1

NL8(4)
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i
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-

-

-

ht time
i

1 10 103 [hrs] 104

Figure 6.4 The effect of (white light) illumination on the
g-shift of the spectrum NL8 for crucible-grown indium doped
sample. Open symbols - with illumination, closed symbols -
without illumination. AB values are scaled to 23 GHz
microwave frequency.
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Figure 6.5 The annealing time dependence of g-shifting for
the NL10 spectrum as measured under (white light)
illumination for (a) Cz-Si (closed symbols) and (b) FZ-Si
(open symbols). AB values are scaled to 23 GHz microwave
frequency. AB values for NL10, NL13 and NL17 are taken
from [4].

D - Si:B, o - Si:Al,A - Si:Ga,O - Si In.
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confirmed. In the following we will therefore no longer make this

distinction and refer to these spectra as NL10. Another similarity to

the case of NL8 is the same forward shift on the time scale of the g-

value transformation process in going from the FZ samples to the CZ

samples. In contrast to the case of NL8 a clear influence of acceptor

dopant is observed.

The samples of set 3, designated IE-FZ-Si, contained oxygen iso-

topes in the following ratio (as measured by infrared absorption on

samples cooled to 4.2 K) :

1 60 : 1 70 : 1 80 = 0.39 : 0.46 : 0.15

to a total oxygen concentration of ~ 7x10 cm . In spite of the

high concentration of I = 5/2 0 nuclei no hyperfine structure has

been observed for either NL8 or NL10.

After the prolonged ht at 47O°C the samples of set 2 were

annealed for various time durations at 550°C. The results can be sum-

marized as follows:

1 . No new EPR spectra were observed; the only EPR spectrum found was

that of NL10.

2. The concentration of both TD (as found from the resistivity meas-

urements) and the NL10 centers decreased upon annealing at 550°C . The

only and remarkable exception was the aluminum doped FZ-Si:Al sample

for which the TD concentration remained almost constant and the NL10

intensity even increased.

Additionally some crucible-grown material samples were studied follow-

ing 2 hours successive heat treatments at 650°C and 750°C . Only NL10

was observed in contrast to recent results of Worner and Schirmer [9].

The number of centers corresponding to the NL10 spectrum intensity and

the added electron concentration found from the resistivity measure-

ment at room temperature were of the same order of magnitude.
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Table 6-II

Experimental and theoretical results on maximum concentration and ini-

tial formation rate of thermal donors. The experimental values have

been calculated under the assumption that every TD supplies one elec-

tron and no other processes are involved. Theoretical values are

obtained in Wada's formalism, in which we used the following numerical

values: n =1.24x10 cm , D

a = 2.75x10 °.

8.65x1O~19 cm2/s, a/b=5.5x10~6 ,

Sample TD - Experimental

Max.Cone. In.Form.Rate
r "I[cm ] ']

Carrier Cone.

[cm 3 ]

TD - Calculated

Max.Cone. In.Form.Rate

[cm 3 ]

Cz-Si:B

Cz-Si:Al

2.6x10

2.4x10

Cz-Si:Ga 1.5x10

C z - S i : I n 2.1x10

16

16

16

16

1 .1x10

1 .5x10

1 .1x10

1 .4x10

11

11

11

11

FZ-Si:B 2.0x10

FZ-Si:Al 9.0x10

FZ-Si:Ga 4.5x10

FZ-Si:In 7.0x10

15

15

15

14

4.4x10"

4.7x10

3.1x ioS

3.1x10S

10
4.8x10

8.7x10

1.1x10

1.2x10

15

15

16

16

8.1x10

2.5x10

1 .7x10

1 .3x10

16

16

16

16

2.5x10

7.6x10

5.0x10

3.9x10

12

11

11

11

6.4 Discussion

6.4.1 Resistivity measurements

The experimental values of maximum TD concentration and formation

rate as obtained from the resistivity measurements are presented in

Table 6-II. It can clearly be noticed from the second and the third

columns of this table that the experimental values do not follow the
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well known power dependences on initial interstitial oxygen concentra-
3

tion: maximum concentration N ~ [0.1 , initial formation rate FR
, max l iJ

~ [0 ] as given by the Kaiser, Frisch and Reiss (KFR) model [2], with

the possible exception of the boron-doped material for which the even-

tual agreement is poor. Samples with identical oxygen (and carbon)

concentration are capable of developing different TD concentrations

under identical ht conditions. These results therefore give clear

experimental evidence that TD formation is not only a function of the

initial oxygen concentration and the annealing conditions. In view of

this discrepancy with the predictions of Kaiser et al. it seems there-

fore natural to employ the only existing TD formation description

which takes into consideration more parameters than [0.] and the for-

mation temperature T, namely the carrier concentration n. This for-

malism has been developed by Wada [10], who gives the following

expression for the equilibrium TD concentration:

neq(TD) - ( I ) x [0 ±]
3 x n"

2 (6.1)

where [0.] - initial interstitial oxygen concentration, n - carrier

concentration at 470°C, a and b - parameters (a/b = 5.5x10 ) . The

results of this computation are collected in the last 2 columns of

Table 6-II, which also incorporates carrier concentration values n

calculated for all the studied samples at the experimental TD forma-

tion temperature (470°C).

Before discussing the results given in Table 6-II the applicabil-

ity of formula (6.1) and therefore of the whole TD formation kinetics

as proposed by Wada for our measurements should be considered. In gen-

eral our samples which differ in their initial acceptor concentration

but have equal initial oxygen contents should provide a good test for

that kinetics. However for the Cz-Si samples the approach of Wada can-

not be applied, due to the high oxygen concentration of these samples.

As can be seen from Table 6-II, TD concentrations produced in those

samples are comparable to the intrinsic electron concentration n for
1 ft T'

silicon at the TD formation temperature ( n.=1.24*10 cm for

T = 470 °C ) thus conflicting with the condition n < n assumed by

Wada. For FZ oxygen-doped material (samples designated FZ-Si) all the

105



necessary conditions are fulfilled. Here FZ-Si:In and FZ-Si:Ga fall

into the "lightly doped materials" category with N < n. while FZ-

Si:Al and FZ-Si:B are "heavily doped" in that classification [10] and

should therefore exhibit enhanced TD formation. There is no numerical

agreement between experimental values and those predicted by formula

(6.1), however. This result indicates at least that the a/b parameter

introduced by Wada does not have universal character and should be

adjusted separately for different acceptors. Additional discrepancy

is found for materials FZ-Si:Al and FZ-S1:B; according to Wada a sig-

nificant increase of TD equilibrium concentration (and formation rate)

should be observed for FZ-Si:B in comparison to FZ-Si:Al. The experi-

ment indicates, however, the contrary: a remarkable decrease of both

values for the FZ-Si:B sample in comparison to FZ-Si:Al (in case of

the formation rate the effect is even an order of magnitude!).

From Tables 6-1 and 6-II one can also notice that the early

observation by Fuller et al. [11] that equilibrium TD concentrations

coincide with initial acceptor concentrations although true for FZ-

Si:Al, FZ-Si:Ga and FZ-Si:In, is not followed for all our samples.

6.4.2 EPR Measurements

The spectra NL8 and NL10 were first reported by Muller et al. for

heat-treated, oxygen-rich silicon doped with boron [4]. They observed

that the NL8 intensity was growing upon increased boron concentration

and thus boron involvement in the center was tentatively assumed [5].

The present results show that NL8 (and NL10) can be observed regard-

less of the actual acceptor present in the sample. The relative inten-

sities of the spectra rule out the possibility of relating Nu,8 to

residual concentrations of boron in those materials intentionaly doped

with other acceptors. This observation makes any hypothesis of direct

acceptor involvement in the structure of ht centers rather doubtful.

Incorporation of the acceptor in the ht center cannot be ruled out

completely on basis of this experimental fact alone, however, as the

acceptor might take a position where the spin density is low for sym-

metry reasons, which could lead to undetectable changes in g-values in

going from one acceptor to the other and absence of any acceptor
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Table 6-III

Maximum concentrations and initial formation rates of EPR spectra NL8

and NL10.

Sample

Max.Cone.

[cm ]

NL8

In • Form.Rate

]

Max.Cone.

[cm"3]

NL10

I n . Form.

[a"1:

Rate

1

Cz-Si

Cz-Si:

Cz-Si:

Cz-Si:

FZ-Si

FZ-Si:

FZ-Si:

FZ-Si:

:B

:A1

:Ga

In

:B

Al

Ga

I n

2.8x1015

9.5x10U

3.5x10U

1.4x10U

1.4x10U

1.2x10U

3.5x1013

—

4.

1 .

7

1

1

3

1

4x1010

4x 1 0
1 0

•2xio9

.2x109

•2x109

,4x108

.4x108

—

1

6

8

7

5

4

8

1

oOxiO15

.OxiO15

.0x1013

.0x10 U

.OxiO1 3

.5x1015

.5*1013

.5x1OU

6.1xio8

5.5x109

I . i x i o 1 0

1.2x109

3.6x108

3.9xiO9

1.8x108

2.8x10
8

hyperfine structure in the EPR spectrum. The conclusion that the

actual acceptor is not of basic importance for the formation of these

centers is, however, further supported by recent evidence that these

centers are also produced in n-type material [12] and by photolumines-

cence studies on heat-treated crucible-grown silicon doped with vari-

ous acceptors [13] where practically no influence of the acceptor dop-

ing on photoluminescence spectra attributed to ht centers has been

found.

Table 6-III summarizes results of the EPR measurements for vari-

ous materials giving maximum concentrations and initial formation

rates for both NL8 and NL10. In spite of what was stated above these

results do indicate an influence of the initial acceptor concentration

on the creation of NL8 centers. This is clearly demonstrated in fig.

6.6 where NL8 maximum intensity and formation rate are plotted against
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10' 1016
[cm.3,10

17

Figure 6.6 The dependence- of maximum concentration (a) and
initial formation rate (b) for the spectrum NL8 on the
initial acceptor concentration. • - Cz-Si

1.3 x cm"
3, o - FZ-Si [Oil

TCP*
1017 cm"3, A -
3

[Oil 1 3 O c m , [il 7 1
as calculated from [6], [Oj[]=1.5 x TCP** cm"3.

the initial acceptor concentration. The experimental points in both

cases fall clearly on two lines depending on the initial oxygen con-

centration of the material. One should note here that a similar result

regarding NL8 intensity dependence on boron concentration was obtained

by Muller et al. [5] for samples with different boron concentrations

i.e. for one and the same acceptor doping. The straight lines in

fig. 6.6 represent least squares fits to the linear dependence on the

acceptor concentration. By comparing the fits obtained for the dif-

ferent initial oxygen concentrations ilie following dependence could be

derived for both the maximum concentration of NL8 and its initial for-

mation rate:

A = const x N x [0. ] (6.2)

where Ng - initial acceptor concentration, [0i] - initial interstitial

oxygen concentration and n - parameter.
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The following values for the exponent n have been determined:

-for the maximum concentration N (NL8) : n=5.0 ± 0.1
max

-for initial formation rate FR(NL8) : n = 6.1 ± 0.1

By applying these formulas, the experimental points of Muller et

al. [6] which are also shown in fig. 6.6 can be reproduced with good

accuracy.

It should be noted here that the dependence of the intensity of

EPR spectrum NT3 on the initial acceptor concentration cannot possibly

be understood as a Fermi-level effect. In such case an increased

acceptor concentration should pull the Fermi level down thus making A

of equation (6.2) inversely related to the acceptor concentration in

contrast to experiment. Lower intensity of the EPR signal should then

be expected for higher acceptor concentrations. It must therefore be

concluded that the acceptor plays an, admittedly mysterious, role in

the formation of NL8. This acceptor concentration dependence of NL8

is not reflected in TD production and production rate; this observa-

tion therefore excludes that NL8 is the dominant thermal donor.

As far as the available concentrations are concerned, the NL10

centers present the more likely candidates to account for the resis-

tivity changes (figs. 6.1 and 6.2) in practically all samples. To con-

clude anything about the dopant dependence for the formation of these

centers is even more difficult than for the NL8 ht centers. By

inspecting the results of Table 6-III, two observations can be made:

1 . increased oxygen concentration results in higher maximum concen-

tration and higher (initial) formation rate of NL10

2. aluminum doped material is especially favourable for the creation

of NL10 ht centers. The actual enhancement of NL10 concentration in

the presence of aluminum as compared to other acceptors is more pro-

nounced for the material with lower oxygen concentration.

The latter observation could be consistent with the data of Fuller et

al. who found enhanced TD formation in Al-doped silicon crystals

[11]. A similar observation has recently been published by ZHOU Jie

[14]. Additional evidence of exceptional features for Al-doped sili-

con is provided by its behaviour for higher annealing temperatures and

will be discussed later. The actual reason for the strong influence of

the aluminum doping can only be speculated upon as long as the
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structure of the NL10 center remains unknown.

Experimentally it is found that an increased oxygen concentration

results in a forward shift of the g-value transformation process on

the time scale for both NL8 and NL10. Such behaviour can be understood

if one assumes that the spectra change due to oxygen aggregation

(either directly by incorporating more oxygen atoms or indirectly by

lattice strain release). If two samples with different oxygen concen-

tration undergo the same ht, the one with the highest initial oxygen

concentration will always be in a later stage of the oxygen clustering

process. The effect of light on NL8 is particularly interesting as it

shows that ht centers giving rise to NL8 do not only transform with ht

time (or slightly different species develop gradually upon prolonged

ht), but could already be present in variety in the sample even after

relatively short annealing times. In the case of NL10 there is a

clear dependence of AB on the acceptor; if the actual value is con-

sidered as an indication for the stage of the oxygen clustering pro-

cess, then it could be concluded that the oxygen aggregation proceeds

most rapidly for aluminium doped material. This conclusion is in

agreement with the already mentioned observation by Fuller et al.

[11], as well as with our own data on both TD concentration and ht

center EPR intensity in aluminium doped samples. The reason for this

enhanced donor production and production rate in Al doped material

remains unclear, however.

The absence of 0 hyperfine interaction in the EPR spectra of

sample set 3 can only be understood if either no oxygen is involved in

the center (which is in contrast to the rest of the experimental evi-

dence) or the actual electron density on oxygen nuclei is low due to

symmetry reasons or delocalization of the electron wave function.

Alternatively it is possible that, when the EPR spectra are thought to

arise as the average of several centers, the observation of hyperfine

structure is obstructed by severe line broadening due to strongly

varying hyperfine interactions. It is clear that it will be necessary

to apply the far larger resolving power of ENDOR to this system in

order to settle this matter.

The results of our experiments in the "new donor" formation tem-

perature range show that, as far as the EPR studies are considered,
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there can hardly be any distinction between these ht centers and those

formed in the 450 °C range. This conclusion, which is in agreement

with [8], is further supported by our recent studies on n-type

crucible-grown silicon [12] in which both NL8 and NL10 were observed

after 65O°C heat treatment.

6.5 Conclusions

The presented resistivity measurements can neither be described

by the kinetics theory of Kaiser, Frisch and Reiss nor by that of

Wada. EPR spectra NL8 and NL10 are the dominating spectra observed in

470 °C heat-treated oxygen-rich silicon and are produced irrespective

of the actual acceptor present. Direct incorporation of the acceptor

ion in these centers is therefore unlikely. Indirect involvement of

the acceptor in their production is however indicated by the following

experimental results:

1. Maximum concentration and formation rate of NL8 depend proportion-

ally on the initial acceptor concentration

2. Production of NL10 is enhanced in Al doped FZ-Si, parallel to an

enhancement in TD production

3. The g-shift of NL10 with increasing ht time is dependent on the

acceptor present.

The spectra NL10, NL13 and NL17 of Muller et al. were found to be sub-

sequent stages of the same defect. Although no 0 hyperfine struc-

ture of NL8 and NL10 was observed in samples whose oxygen content was

enriched to 46 % in this isotope, it can not be concluded that oxygen

is not involved in these centers in view of the enhanced production of

these centers with increasing oxygen concentration (and their absence

in ht oxygen-lean samples); it probably takes a position where the

spin density is low. Further evidence of oxygen involvement in these

centers is provided by the influence of the oxygen concentration on

the g-value transformation process with ht time. For similar reasons

acceptor involvement in these centers can neither be excluded. Heat-

treatment in the 650-750 °C region only produced NL10; the structure

of the EPR active centers formed in this temperature range is there-

fore similar to the structure of those formed in the 450 °C region.
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CHAPTER 7

1 70 - ENDOR OF THERMAL DONORS IN SILICON

Abstract

The paper presents for the first time microscopic evidence for

the presence of oxygen in thermal donors in silicon. The evidence as

obtained by electron nuclear double resonance on the magnetic 0 iso-

tope is conclusive.
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7.1 Introduction

Upon heat treatment (ht) at temperatures close to 450°C shallow

double donor states are formed in oxygen-rich silicon [1]. The defects

giving rise to those states are generally termed thermal donors (TD's)

and have been thoroughly studied over the past 30 years. As a result

of this research effort a lot of experimental data has been gathered.

However these are not well correlated and frequently contradicting

[2]. Nevertheless it is generally accepted that TD's are formed as a

result of oxygen clustering. No consensus has been reached on the

structure of TD's although many models have been developed. The models

range from the first simple one of Kaiser et al. [1] who proposed a

cluster of four oxygens to constitute the TD to the most recent OBS

model of Ourmazd et al. [3J. The latter model, based on kinetics

derived from infrared absorption measurements [4] , postulates several

similar TD species incorporating a silicon interstitial and a varying

number of oxygen atoms.

Although practically all the existing TD models assumed direct

oxygen incorporation in the structure of these defects (with the note-

able exception of a recent paper by Newman [5]) the evidence sustain-

ing this notion is only circumstantial. The following experimental

results are indicative for oxygen involvement in TD's:

1 . TD's can be created only in oxygen-rich silicon

2. the kinetics can be described by power dependences on the inter-

stitial oxygen concentration

3. the formation of TD's is accompanied by the decrease of intersti-

tial oxygen concentration

The mos" important structural information on TD's gathered thus-

far has been obtained by Muller et al. [6] who discovered a number of

EPR active centers in heat-treated oxygen-rich silicon. These were

predominantly of 2mm point group symmetry and could be correlated to

TD's on basis of the production conditions. Direct evidence for the

donor character of the center corresponding to the EPR spectrum Si-NL8

was reported by Lee et al. [7]. The role of acceptors in the forma-

tion of these centers has recently been studied [8] and it was found

that the same centers were formed irrespective of the acceptor doping.

114



A particularly striking result of these studies was the enhanced for-

mation of the Si-NLIO family spectrum accompanied by a similar

enhancement in TD formation in oxygen doped FZ-Si:Al material. The TD

concentrations reached could be correlated to the Si-NLIO spectrum for

practically all the samples studied (Figs. 6.1 and 6.2). Therefore it

was concluded that Si-NLIO constituted the predominant TD species in

the final stage of the heat treatment (and also probably the so-called

"new donor", as evidenced by the appearance of the NL10 spectrum at

higher temperature heat treatments [8]). These EPR studies could not

establish the presence of oxygen neither in Si-NL8 nor in Si-NLIO in

spite of the high concentration of the magnetic 0 isotope (46%)

present in the samples.

The absence of any hyperfine structure in the EPR spectra can

lead to two alternative conclusions:

1 . there is no oxygen in the TD's

2. oxygen is incorporated in the TD's but the hyperfine interaction

of the unpaired spin density with the 0 nucleus is small, due to

substantial spin delocalization or for symmetry reasons. It is also

possible that the hyperfine structure is not observed due to severe

line broadening caused by strongly varying hyperfine interactions.

In view of the above it was necessary to apply the much higher

resolving power of electron nuclear double resonance (ENDOR).
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Figure 7.1 Infrared transmission spectrum at 9 |m of the
sample used in the experiment (T=4.2 K).
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7.2 Experimental

On basis of previously gained EPR experience an aluminum doped sample

(Initial resistivity 0.8 Qcm, 9.0 x 1015 Al/cm3) was selected for the

ENDOR measurements. The sample, originally low carbon content FZ sili-

con, was diffused with oxygen enriched in the 0 magnetic isotope in

a commercial IR elliptical mirror oven [8]. The infrared transmission

spectrum at 9 \im f°r t n e sample cooled to A.2 K is depicted in figure

7.1. The total oxygen concentration of the sample calculated from the

infrared absorption with the 1980 ASTM calibration standard was
17 -3

7x10 cm in the following isotope ratio:

160 : 1 70 : 1 80 = 0.39 : 0.46 : 0.15

The maximum concentration of the Si-NLIO family spectrum was pro-

duced after 200 hrs anneal at 470°C.

The ENDOR experiment was conducted in a K-band spectrometer,

tuned to dispersion at an incident micro-wave power of 2 uW, with the

sample at 4.2 K temperature.

7.3 Results

Numerous resonance lines were observed, the majority of which

were found close to v = 4.75 MHz which is the nuclear Zeeman frequency

of the 0 nucleus for the conditions of the experiment: microwave

frequency v = 23 GHz, electronic g-value close to 2 and magnetic field

at resonance near B = 800 mT. In view of the clean diffusion technique

used and concentration of the Si-NLIO spectrum reached the observed

ENDOR lines can only be correlated to the following magnetic nuclei:

'Si
27A1
17o
13C

I = 1/2

I = 5/2

I = 5/2

1 = 1/2

abundance

abundance

abundance

abundance

4.7%

100%

46%

1.1%

The magnetic system is probably ade<uately described by the fol-

lowing spin hamiltonian:
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K = ̂ -g-2

where a quadrupole interaction is included in view of the high nuclear

spin of the oxygen isotope. The first order solution to this spin

hamiltonian is:

E U c ) m T >
 = ^ B B m S - 8 # N B m I + AeffmSmI + Qeffml

with ms = ±1/2 and 11̂  = ±1/2 for 1=1/2 nuclei and m].= ±l/2, ±3/2, ±5/2

for 1=5/2 nuclei.

The ENDOR transitions between the states |mc>niT> and |mo mT-1>

will be found at frequencies given by:

hv = gNtxNB + A e f fm s + 9eff(2mI-1)

If the ENDOR resonances are measured for several magnetic fields

B their positions v will shift as given by the following expression:

v - v = — c — (B " B .n o h v n o)

where v , B are the results of the n-th measurement with respect to a

reference measurement at magnetic field B yielding a resonance at v •

Thus a linear dependence of v ~v on B -B results for which the slope
n o n o v

is determined by g , the nuclear g-value of the nucleus involved.

Experimentally this shift on magnetic field B could be accomplished by

insertion of a quartz rod into the cavity, shifting its resonance fre-

quency. The Si-NLIO resonances are then observed at magnetic fields

that are shifted up to 1.5%.

Figure 7.2 presents part of the ENDOR spectrum as measured for

two different values of magnetic field B =828.93mT and B = 820.40mT.

It can be seen that the pattern is clearly reproduced, being shifted

by approximately 50 kHz. This therefore allows an unambiguous identif-

ication of line a, (and similarly b), the two arbitrarily chosen reso-

nances, for ENDOR spectra obtained for different magnetic field

values. As evidenced by figure 7.3, where we have collected the

shifts of the resonance frequency for lines a and b as a function of

the magnetic field, the experimental data for those two resonances

clearly fall on the line characteristic for the 0 nucleus. The
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B= 820.40 mT

i
4.49 4.50 4.51 4.52 4.53 4.54 4.55

[MHz]
4.56 4.57

B = 828.93 mT

1 1 1
4.53 4.54 4.55 4.56 4.57 458 459 450

[MHz]
4.61 4.62

Figure 7.2 Part of the ENDOR spectrum for frequencies
close to the nuclear Zeeman frequency of the ' '0 nucleus
measured for two values of the magnetic field B.

presence of oxygen in TD's is therefore conclusively confirmed.

In the similar way as described above some of the ENDOR reso-

nances observed for higher frequencies were tentatively identified as
27 29

arising from the interaction with Al and Si nuclei.

Further experiments, currently underway, will finally unravel the

structure of the thermal donors by establishing the symmetry of the

hyperfine interactions with oxygen and other nuclei involved in the

center. These did already yield a mirror class shell of oxygen atoms,

which means that NL10 contains at least 2 oxygen atoms on one of the

mirror planes of the defect.
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line a $

line b 1

8170 820.0 825.0 83Q0
Magnetic field [mT]

Figure 7.3 The frequency shift of the ENDOR lines a and b
as a function of magnetic field B. Solid lines are plotted
with slopes determined by nuclear g-values corresponding to
1 7 0 , 27A1 and 29Si nuclei.
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SUMMARY (and suggestions for future work)

As indicated by the title of this thesis, the work described here

may be divided in two categories: a study of 3d-transition metal

impurities in silicon (titanium and iron in particular) and a study of

oxygen-related heat-treatment centers in silicon, both carried out

mainly by magnetic resonance techniques like EPR and ENDOR. The ori-

ginal aim of this research was limited to the study of the latter type

of defects and especially those produced in the 470 C annealing tem-

perature range, the so-called "thermal donors" (TD). The experimental

work described in chapter 6 of this thesis has demonstrated that,

apart from the EPR-spectrum Si-NL8> usually associated with TD,

another spectrum, Si-NLIO, may well be connected to these TD and is in

fact dominant in the later stages of the heat treatment. This spectrum

also arises after heat treatment at more elevated temperatures, the

region were the so-called "new donors" are produced, indicating that

these have similar structure as the TD. It has further been demon-

strated in these experiments that bcth NL8 and NL1 0 are formed at

470 C heat treatment, irrespective of sample doping, indicating that,

if a dopant is incorporated in the defect structure, it must reside at

the same lattice position in all cases. The ENDOR measurements

presented in chapter 7 indicate such an acceptor involvement, at least

for the case of Si:Al. Future ENDOR experimentd will have to settle

whether the acceptor position is indeed invariant in the NL10 defect

structure. In this chapter direct evidence has also been presented

for oxygen-incorporation in the defect that gives rise to NL10, for

the first time in the thirty years that TD have been studied. The

first results of these experiments, that are at the time of writing

still in progres, indicate that NL10 contains at least two oxygen

atoms in a mirrorplane of the defect. ENDOR experiments as a function

of heat-treatment time should be carried out to determine whether oxy-

gen atoms are added with time or not. Similar experiments should be

carried out on NL8, the dominant EPR spectrum in the early stages of

the heat treatment, which exhibits similar EPR features.

The discovery of the interstitial Ti+ EPR spectrum S1-NL29

(chapter 2) was a (fortunate) byproduct of our efforts to produce sil-

icon samples with a high concentration of isotopically enriched
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oxygen. The study of this center has become a major part of this

thesis and has been most rewarding from the scientific point of view.

The self-ENDOR on this system (chapter 5) yielded, for the first time
3 2 2

in silicon, higher-order hyperfine terms of the type S I and S I ,

which demonstrated that the Si:Ti ground state must have retained

it's ionic character to some extent. A quantitative calculation of

these terms should be a challenge for theoretical physicists working

in the field.
29

The Si-ENDOR on this defect (chapter 3) produced evidence for

substantial hybridization of the 3d-metal orbitals with silicon orbi-

tals: in total hyperfine interactions with 21A silicon atoms could be

determined. The analysis of these parameters could not be accom-

plished with the one-electron Watkins and Corbett LCAO description,

commonly used in the field. A full analysis was however reached by

extending the LCAO analysis for higher spins given by Owen and Thorn-

ley for the AB. complex, to the more general case of AB complexes in

43m symmetry. The analysis yielded an estimate for the minimum amount

of spin density transferred from the Ti ion to the silicon lattice of

In contrast to the one-electron treatment no exact amount, but

only a lower limit can be obtained. This resolved the paradox between
29

a localized spin density as suggested by the absence of Si hyperfine

interactions in EPR, and a delocalized spin density as suggested by

the substantial reduction of the central ion hyperfine interaction

parameter, allegedly caused by covalency. This analysis could also be

applied to the Fe. ENDOR data (chapter 4) and suggested a specific

sign for one of the hyperfine interaction tensors, yielding a far

larger spin delocalization as thusfar assumed. Experimentally this

could be confirmed by combining ENDOR with uniaxial stress, allowing

an unambiguous sign determination of the hyperfine tensors. The above

mentioned paradox could thus be removed for this system as well. A

similar experiment under uniaxial stress on Si:Ti. had to be left for

the future due to lack of time. For the same reason a more accurate

determination of the spin-lattice parameters C . and C,, by performing

uniaxial stress experiments on fill] and [100] oriented samples that

had already been prepared, could not be performed.

An extensive search for the Si:Ti~ system in either the low- or

high-spinstate remained unsuccessful, but should be repeated when the
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cooled GaAs-detector and the loop-gap resonator have been installed on

the X-band spectrometer, which should increase the sensitivity.

Another interesting object of research, possibly connecting the

two main subjects of this thesis, could be the study of a new EPR-

spectrum of 2mm-symmetry that was observed after 5 hours of 450 C

heat treatment of an Al-doped silicon sample, containing both titanium

and osygen. The g-values of this spectrum are: g1 // [011] = 1.9471,

g2 // [0T1] = 2.0125, g3 // [100] = 1.9300; the g-anisotropy of this

spectrum is rather small and is therefore not really suggestive of an

acceptor-titanium pair. Alternatively it is possible that this spec-

trum is of similar structure as NL8 and NL10, but contains a titanium

ion. This could easily be tested by diffusing a sample with enriched

titanium and repeating the EPR expei

fusion and END0R might be considered

titanium and repeating the EPR experiment. In a later stage 0 dif-
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SAMENVATTING (en suggesties voor toekomstig werk)

Dit proefschrift kan ruwweg in twee delen onderscheiden worden:

de bestudering van 3d-overgangsmetalen in silicium, in het bijzonder

titanium en ijzer, en de bestudering van zuurstof gerelateerde warmte

behandelingscentra in silicium. Beide onderzoeken zijn uitgevoerd met

voornamelijk magnetische resonantie technieken, te weten ESR en ENDOR.

Het oorspronkelijke doel van dit promotie onderzoek was het verkrijgen

van meer inzicht in de structuur van deze laatste groep defecten en in

het bijzonder diegenen geproduceerd bij uitstoken in het temperatuur

gebied rond de 450 C; de zgn. "thermische donoren". In hoodstuk 6 van

dit proefschrift werd aangetoond dat er behalve het ESR spectrum Si-

NL8 een ander belangrijk spectrum, Si-NLIO, gevormd wordt bij verder-

gaande warmte behandeling. Beide spectra werden gevormd in alle onder-

zochte materialen, onafhankelijk van het gebruikte uitgangsmateriaal

(mits zuurstof-houdend). Spectrum NL10 werd ook geproduceerd bij

hogere tempei sturen, waarbij de zgn. "nieuwe donoren" gevormd worden.

In zuurstof gedoteerde samples met een verrijkingsgraad van 46% in de

magnetische 0 isotoop werden dezelfde spectra waargenomen, echter

zonder hyperfijn structuur. Uit de ESR metingen werden de volgende

conclusies getrokken :

1 . de zgn. "nieuwe" en "thermische" donoren zijn gedeeltelijk

hetzelfde,

2. er zijn alleen marginale bewijzen voor inbouw van zuurstof of een

acceptor in de structuur van NL8 en/of NL10,

3. NL10 is de dominante thermische donor bij voortdurende warmte

behandeling,

4. als er een acceptor is ingebouwd in NL8 of NL10, dan is het

uiterst waarschijnlijk dat elke acceptor dezelfde positie in het

defect inneemt.

Een bewijs voor de inbouw van zuurstof in NL10 kon geleverd wor-

den m.b.v. ENDOR, evenals een aanwijzing dat in het onderzochte

materiaal (Si:Al) aluminium deel uitmaakt van het NL10 defect. Deze

metingen zijn op het moment van schrijven nog niet afgerond, maar

beloven eindelijk enig licht te zullen gaan werpen op de structuur van

deze defecten. Een gedeelte van een spiegelvlak tensor werd reeds

gevonden, wat betekend dat NL10 tenminste twee zuurstof atomen in een
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der spiegelvlakken van het defect heeft. Teneinde de structuur van

deze defecten te ontrafelen zouden in de toekomst de volgende expe-

rimenten verricht kunnen worden:

1. ENDOR aan NL10 als functie van de warmte-behandelingstijd

2. ENDOR aan NL10 voor verschillende acceptor doteringen

3. dezelfde experimenten aan NL8.

De ontdekking van het interstitiële Ti spectrum Si-NL29,

beschreven in hoofdstuk 2, was een (fortuinlijk) bijprodukt van de

pogingen om silicium preparaten te vervaardigen met een hoge concen-

tratie isotopisch verrijkt zuurstof. De verdere bestudering van dit

defect heeft echter een rijke buit aan wetenschappelijke gegevens

opgeleverd en is allengs een steeds groter deel van dit proefschrift

uit gaan maken. De zelf-ENDOR aan dit defect (hoofdstuk 5) leverde

voor de eerste keer in silicium hogere orde hyperfijn interactie ter-
3 2 2

men van het type S I en S I op en toonde overtuigend aan dat de

grondtoestand van dit 3d overgangselement in silicium in zekere mate

zijn metaal karakter behouden heeft. Een quantitatieve berekening van

deze termen zou een uitdaging moeten vormen voor theoretisch fysici

die op dit terrein werkzaam zijn.
29

De Si-ENDOR leverde het bewijs voor een substantiële hybridisa-

tie van de 3d-overgangsmetaal orbitals met silicium orbitals; in

totaal kon de hyperfijn interactie met 214 silicium buren bepaald wor-

den. De gebruikelijke één-electron Watkins en Corbett LCAO analyse

bleek niet van toepassing te zijn op dit type defecten en het was

noodzakelijk de LCAO analyse voor meer electronen van het AB, complex,

zoals gegeven door Owen en Thornley, uit te breiden naar het algemen-

ere geval van AB complexen in 33m symmetrie. Deze analyse leverde een

schatting op voor de minimum overdracht van spin dichtheid van het

titaniura ion naar het silicium rooster (38%). Deze analyse verklaarde

voorts de schijnbare tegenspraak tussen een gelocaliseerde spin-

dichtheid op het overgangsmetaal ion enerzijds, zoals gesuggereerd
29

door de afwezigheid van Si hyperfijn structuur in de ESR spectra van

overgangsmetalen en de suggestie van een gedelocaliseerde spin-

'dichtheid anderzijds, afgeleid uit de reductie van de hyperfijn

interactie parameter van het centrale ion. Een vrijwel identieke

analyse bleek eenvoudig toepasbaar op de elders verkregen Fe? ENDOR

data, waarvoor dezelfde paradox bestond. Een herinterpretatie van deze
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ENDOR gegevens leidde binnen de analyse tot een voorspelling omtrent

het teken van tenminste één der hyperfijn interactie tensoren. Deze

voorspelling kon experimenteel bevestigd worden door ENDOR te com-

bineren met uniaxiale druk en leidde tot een ondubbelzinnige bepaling

van dit teken. Een soortgelijk experiment aan het Si:Ti systeem kon

helaas wegens tijdgebrek niet uitgevoerd worden, evenmin als een

uniaxiale druk experiment aan dit zelfde systeem met [111] en [100]

georiënteerde preparaten. Met dit experiment zou een veel nauwkeuriger

bepaling van de spin-rooster parameters C. en C,, mogelijk zijn als

in hoofdstuk 2 werd bereikt aan een [011] georiënteerd preparaat.

Pogingen om de theoretisch interessante negatieve ladingstoestand

van Si:Ti te produceren, bleven helaas zonder succes. Zodra de

gekoelde GaAs versterker en de loop-gap resonator op de X-band spec-

trometer geïnstalleerd zijn, zou er een hernieuwde poging ondernomen

kunnen worden i.v.m. de te verwachten verbeterde signaal-ruis verhou-

ding, de mogelijkheid tot in situ belichting van het preparaat en de

mogelijkheid tot het doorscannen van een groter g-waarde gebied.

tfen ander interessant onderwerp van onderzoek is mogelijk de be-

studering van een nieuw ESR-spectrum met 2mm-symmetrie, dat tot een

verbinding tussen de twee onderwerpen van dit proefschrift zou kunnen

leiden. Dit spectrum met g-waarden g // [011] = 1.9471, g // [0T1] =

2.0125 en g // [100] = 1.9300 werd waargenomen in warmte behandelde

Al gedoteerde samples die zowel titanium als zuurstof bevatten.

Alhoewel het mogelijk is dat dit spectrum een Ti-Al paar is, lijkt de

geringe g-anisotropie dit uit te sluiten. Het is ook denkbaar dat zich

een complex heeft gevormd met soortgelijke structuur als NL8 en NL10,

dat echter een Ti ion bevat. Deze hypothese zou eenvoudig bevestigd

of gediskwalificeerd kunnen worden door een silicium sample met ver-

rijkt titanium te diffunderen en na warmtebehandeling het ESR-spectrum

op te nemen. In een later stadium valt eventueel te denken aan 0

diffusie en ENDOR.
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NAWOORD

Aan het einde van een periode van bijna 5 jaar op het Natuurkun-

dig Laboratorium, waarin ik overwegend plezierig heb kunnen werken aan

de onderwerpen die beschreven zijn in dit proefschrift, wil ik deze

gelegenheid te baat nemen hen die bij de totstandkoming hiervan een

bijdrage geleverd hebben te bedanken. Tegenwoordig is het eigenlijk

niet meer mogelijk als eenling wetenschappelijk werk te verrichten en

dit werk vormt daarop geen uitzondering; het is het resultaat van de

inspanningen van velen, die ik niet allen bij naam zal noemen, maar

niet minder dankbaar ben. Onder hen die ik speciale dank verschuldigd

ben is allereerst Tom Gregorkiewicz met wie ik de afgelopen twee jaar

intensief samengewerkt heb aan het zuurstof project, dat op het

laatste moment dan toch van de grond gekomen is, niet in de laatste

plaats dankzij zijn inspanningen. Ik hoop dat hij, en mijn opvolger

Herman Bekman, die als student ook het nodige bijgedragen heeft aan

dit project, erin zullen slagen de structuur van NL10 (en NL8) defini-

tief te ontrafelen. Eric Sieverts heeft de afgelopen jaren een niet

groot aantal van mijn hele en meestal halve ideeën in de juiste banen

geleid; zo dank ik hem de helft van de inspiratie en een niet onaan-

zienlijk deel van de perspiratie in de analyse van de titaan en ijzer

ENDOR data. Tevens heeft hij vele versies van mijn manuscripten door-

geworsteld op fouten in het engels of de fysica. Dit werk werd mee-

stal nog eens dunnetjes overgedaan door Rob Ammerlaan, die er tot op

de laatste verkeerd geplaatste komma voor gezorgd heeft dat de

artikelen goed verzorgd de deur uitgingen. Tevens wil ik hem bedanken

voor een groot aantal discussies over de onderwerpen van dit proefs-

chrift en het vertrouwen dat hij de afgelopen jaren in mij heeft

gesteld. Michiel Sprenger heeft me vertrouwd gemaakt met de K-band

spectrometer en was altijd bereid te helpen als er zich een "prob-

leempje" voordeed bij het gebruik van EPRLIB of MSPLIB.

Hugo Schlatter was de genius achter de infra-rood spiegeloven;

zonder dit idee en zijn belangstelling voor dit project, tot uiting

komend in de vele gesprekken die Tom en ik met hem gevoerd hebben en

zijn actieve bemoeienissen in de testfase, zou er van de O-ENDOR

weinig terecht gekomen zijn. Paul Langemeyer was altijd bereid de

nodige nazorg te verlenen aan het door hem ontworpen micro-processor
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systeem; problemen op dit terrein werden meestal nog dezelfde dag op

de hem kenmerkende onnavolgbare wijze opgelost. Ook Eddy Inoeng, die

zijn vakantie een week heeft uitgesteld om een gebroken stikstof dewar

te repareren (een nieuw record) verdient speciale vermelding. De

uniaxiale-druk cryostaat, ontworpen door Rudi van der Linde en Ron

Manuputty, werd door Willem Moolhuyzen gebouwd, die tevens de nodige

aandacht aan de kinderziektes heeft moeten besteden. De vele haast-

klussen tussendoor die hij heeft opgeknapt waren doorgaans van

dezelfde uitstekende kwaliteit. De beginselen der groepentheorie, zo

belangrijk voor de analyse van de titanium en ijzer ENDOR, werden mij

bijgebracht door Loek Roeland, die ook tijdens de analyse bereid was

op kritieke punten van advies te dienen.

Natuurlijk hebben meer mensen dan degenen zojuist genoemd

bijdragen geleverd aan dit onderzoek, zoals Geleyn Meijer, die als

student de eerste infra-rood metingen met de druk-cryostaat heeft ver-

richt, Renë Rik (detector-cryostaat), Karel van de Werf (IR-oven),

Herman Pothoven en Nico Jonker (helium), Peter Brommer (wordprocessor)

en anderen van de vaste laboratorium staf, die ik vanzelfsprekend ook

erkentelijk ben voor hun inspanningen.

Tenslotte rest mij nog mijn ouders te bedanken, die mij finan-

cieel in staat gesteld hebben een natuurkunde studie te volgen en

Ellen, niet allen voor haar mentale steun, maar ook voor het vele

huishoudelijke werk dat ze naast haar huisartsen praktijk heeft moeten

opknappen.
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