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CHAPTER 1

INTRODUCTION

1.1 DEFECTS IN SILICON

1.1.1 BULK SILICON

The elemental group IV semiconductor silicon is of central impor-

tance to solid state electronics. The common starting material for the

production of solid state devices is a large structurally perfect

monocrystalline piece of ultra-pure silicon. The electronic properties

of such crystals can be strongly modified by the introduction of

impurity atoms into the lattice. During the production of bulk

material as well as the fabrication of devices from thin slices of

material, also unwanted impurity atoms will unavoidably enter the cry-

stal. Evidently, accurate knowledge of the electronic and structural

properties of impurity related defects in silicon is of vital impor-

tance to the development of semiconductor technology. A fundamental

reason for the study of defects in silicon is that the very high pur-

ity and crystal quality of the commercially available material allows

to study physical phenomena in great detail.

Silicon crystallizes in the diamond structure, which is also

exhibited by carbon, germanium and grey tin. Throughout this work,

sites are indicated by square brackets, e.g. [000]. Planes are indi-

cated by round brackets, e.g. (iTO), and directions by pointed brack-

ets, e.g. <111>. This structure can be generated by putting atoms at

the positions [000] and [111] and applying translations of the form

l«<220>+Di«<202>+n'<022>, where l,m and n take integer values. The site

of a silicon atom has 43m or T, symmetry. For each such substitu-

tional site there is an unoccupied site with the same symmetry, the T,

interstitial site. Any translation of the form

l«<200>+m«<020>+n'<002>, with 1+m+n odd, will convert the substitu-

tional into interstitial sites and vice versa. Crystalline silicon can

therefore be regarded as an 'alloy' of silicon and 'zeronium' atoms,

as was first proposed by Rompa et al. [ 1 ] . Their calculations showed

that an electron in a conduction state tends to be found at the
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interstitial sites.

Silicon has a forbidden energy gap of only E -1.15 eV. The

valence states are bonding combinations of the silicon 3p atomic orbi-

tals. Since the binding energy per silicon atom is much larger than

\E , the lowest conduction states cannot be the corresponding anti-

bonding combinations of silicon atomic orbitals. It is proposed here

that these are bonding combinations of 'zeronlum' orbitals instead.

29Si electron-nuclear double resonance (ENDOR) experiments on shallow

donors described in the literature and on deep donors reported here

provide accurate experimental tests of this hypothesis.

Defects in silicon may have a variety of symmetries. E.g. a sin-

gle impurity atom, located at a silicon site, has 43m symmetry. A

nearest neighbor pair of two such impurity atoms has 3m or 3m (if the

impurities are identical) symmetry. However, different symmetries may

be indistinguishable in a magnetic resonance experiment, which is not

sensitive to inversion symmetry. Table 1.1 lists the different sym-

metries distinguished in magnetic resonance.

Table 1.1.

Defect symmetries occurring in the diamond structure.

symmetry type

cubic

tetragonal

trigonal

rhombic II

rhombic I

monoclinic II

monoclinic I

triclinic

point

international

43m, 23

42m, 4

3m, 3, 3m, 3, 32

222

2mm

2

!•••»

T, l

group symbols

Schoenflies

Td. T

D2d' h
D3d' S6' C3v' C 3 , D3

D2
C2v
C2
C2h' C1h' C2

S 2 ' C1
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1.1.2 EFFECTIVE MASS IMPURITIES

The classical example of an effective mass impurity is a phos-

phorus atom substituting for a silicon atom, i.e. at a substitutional

site. The phosphorus atom has one weakly bound excess electron, which

makes it a shallow donor. At room temperature the phosphorus atom is

ionized and the electron is in a conduction state. At low temperature

the electron is trapped by the phosphorus atom. The potential sensed

by the charge carrier is rather well described by a coulombic poten-

tial, screened by the static bulk relative dielectric constant, which

for silicon has a value of about £—12. The electron behaves as having

a mass equal to the effective mass associated with the conduction band

minimum. Substitutional phosphorus behaves like a solid state analogue

of the hydrogen atom and is a typical example of an effective mass

donor.

An example of an effective mass acceptor is boron substituting

for a silicon atom. This has a weakly bound hole associated to it.

Again at sufficiently low temperature, the hole is trapped by the

negatively charged boron atom and acts as a positive charge with

valence band maximum effective mass in a screened coulomb potential.

Refinements to the effective mass theory outlined above account

for the effective mass anisotropy. Another important improvement in

the donor case involves the degeneracy of the conduction band minimum.

In silicon this minimum lies at k -0.85kD in the <100> directions and
o B

is therefore six-fold degenerate. In the T. symmetric surrounding of

the substitutional site the degeneracy is partially lifted and the

1 s-hydrogenic ground state is split into an A., singlet, an E doublet

and a T. triplet. The singlet state is lowest in energy, since it has

a non-vanishing amplitude at the donor site. For this reason it may

display deviations from effective mass behavior. The other members of

the Is-ground state multiplet are more delocalized and conform more

accurately to the effective mass theory. Further refinements to the

theory involve inclusion of additional energy bands or the use of

pseudopotentials.

Just like the real hydrogen atom, effective mass centers possess

an extensive spectrum of excited states. These are increasingly delo-

calized states, that conform accurately to the effective mass model.

Observation of transitions from the ground states to the excited
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states by infrared absorption techniques allows an accurate determina-

tion of the energy separation of the ground state from the lowest con-

duction states.

1.1.3 CHALCOGEN IMPURITIES

By chalcogens the group VI elements sulfur, selenium and tellu-

rium wil3 be meant throughout this work. Substitutional chalcogen

atoms are electrically active and act as double donors, i.e. they can

eject two electrons into conduction states. They are called deep

donors because the ground states, of the neutral as well as the ion-

ized centers, strongly deviate from effective mass behavior. For

example the ionization energy of phosphorus is 45.59 meV as compared

to 31.27 meV [2] for the pure effective mass case. The first ioniza-

tion energy of substitutional sulfur in silicon, however, is 318.2 meV

[3]. The second ionizatioT energy is twice as deep, namely 613.2 meV

[3). The excited Is-states are also deeper than the effective mass

value. However, the 2s-, 2p- and higher excited states again accu-

rately follow the effective mass model. The binding energies of the

excited states are exactly four times larger in the singly ionized

than in the neutral charge state. In this respect the chalcogen donor

is the solid jtate analogue of the helium atom. The selenium center

is very close to the sulfur center in every respect. The tellurium

center is less deep than the the other two centers.

Apart from single substitutional chalcogen donors, also the sub-

stitutional chalcogen pairs are observed. That these centers are also

double donors is however less obvious. Their ground states are about

30 X less deep than in the case of the single centers. The same remarks

about the excited energy spectrum can be repeated here. By a 3 3S ENDOR

study, reported in chapter 4, the symmetry of the sulfur pair was

finally determined. Further conclusive experimental evidence on the

structure of the sulfur pair is reported in chapter 5, which describes

a detailed 29Si ligand ENDOR study. Again, the selenium pair is very

close in properties to the sulfur pair. The tellurium pair, which has

not been observed in electron paramagnetic resonance (EPR) but only in

infrared absorption, is again less deep.

Complexes involving a still larger number of chalcogens have also

been observed by infrared spectroscopy. In chapter 3 the only magnetic
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resonance study of a chalcogen complex is reported. The difficulty

with magnetic resonance studies of chalcogen complexes is that they

are not well resolved in EPR due to the nearly pure spin nature of the

paramagnetic moment. Also the preparation of these centers in suffi-

cient concentrations and the right charge state is not easily

achieved. For a practically complete survey of infrared data on chal-

cogen centers and complexes, including mixed complexes consisting of

different chalcogen atomic species, see Wagner et al. [3].

1.1.4 BROKEN BOND CENTERS

A very different type of defects involves the breaking of crystal

bonds. The simplest example is the lattice vacancy, which is by far

the most studied defect in silicon. It is simply obtained by taking

one silicon atom out of the lattice. Through Jahn-Teller distortion

the various charge states, ranging from doubly positive to doubly

negative, have different symmetries. Two charge states are paramag-

netic, the singly positive and the singly negative state. The nega-

tive charge state has been studied in great detail by Sprenger et al.

[4,5]. Other examples of broken bond centers are the divacancy, the

boron-vacancy complex and the oxygen-vacancy complex. These centers

occur when silicon is irradiated, but the vacancy also plays an impor-

tant role in many diffusion processes. The wave functions of broken

bond type centers can be satisfactorily described in terms of silicon

atomic orbitals. This feature contrasts sharply with the properties of

shallow and, to a lesser extent, chalcogen donors.

The negatively charged vacancy has orthorhombic (2mm) symmetry.

The 29Si ENDOR results of Sprenger are reanalyzed with the dynamic

LCAO treatment in chapter 2. This defect is relevant to the late tran-

sition element acceptor centers studied in chapter 6, 7 and 8.

1.1.5 TRANSITION ELEMENT IMPURITIES

The 3d transition elements (TE's) are nearly all fast diffusors

and highly soluble in silicon. Therefore, elements such as Fe, Cr and

Cu are unavoidably introduced in significant concentrations during the

production and processing of silicon crystals, and often limit the

performance of devices.
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The 3d elements display a rich variety of impurity behavior in

silicon. Many 3d elements form substitutional and/or interstitial

centers of cubic (T.=43m) symmetry, often occurring in more than one

charge state [6,7]. The most striking example of this is manganese,

which element occurs in four different charge states as an intersti-

tial and in two as a substitutional impurity. The ground state orbital

and spin degeneracies are partially lifted by spin-orbit interaction,

so that Mn. is observed in three and Mn in two different ground

states. In all, stven EPR spectra of interstitial and two of substi-

tutional manganese were observed.

The light 3d transition impurities Ti [7,8,9], V [10], Cr [11],

Mn [6], and Fe [12,13] have been extensively studied with high resolu-

tion experimental techniques such as EPR, (ligand) ENDOR and infrared

absorption [14], On the other hand much less is known about the impur-

ity behavior of the late 3d transition elements Ni and Cu, and their

chemical analogues in the 4d (Pd, Ag) and 5d (Pt, Au) transition

series. Practically no data are available on the other 4d- and 5d-

elements in silicon.

Because the 3d elements are often still mobile at low tempera-

tures, they may form complexes, such as clusters, TE-TE pairs and TE-

acceptor complexes. A good example is iron which forms precipitates

of which the first stages, Fe^ pairs [15] and Fe, clusters [16], have

been observed by EPR. Iron pairs with the group III acceptors B, Ga

and In were observed by Ludwig [6]. More recently van Kooten et al.

[17] completed this sequence by observing the EPR of two FeAl pairs.

Iron also forms pairs with the late TE-acceptors Pd and Pt, as

reported in chapter 7, and Au [18,19]. A variety of pairs with chal-

cogen double donors [20,21] has also been observed.

The acceptor centers related to the chemically analogous elements

Pt and Pd [22], and Ni, which was recently discovered by Vlasenko et

al. [23,24], are experimentally accessible both by high resolution

magnetic resonance and optical techniques. A detailed study of this

family of acceptor centers, to which also Ge:Ni~ [25] belongs is

presented in chapters 6, 7 and 8, and contributes to a better, more

general understanding of transition metals in silicon. Besides the

pairs FePd and FePt, also the Pt_ pair [26] was recently reported in

the literature.



The behavior of the 3d TE centers can be described by the simple

Ludwlg-Woodbury model [27]. The orbital degeneracy of the incomplete

d-shell is partially lifted by the tetrahedral crystal environment.

This leads to an orbital triplet (Tj) and an orbital doublet (E). For

the interstitial site the triplet is the lower state. For the substi-

tutional site the doublet is lower. In the substitutional case the

number of electrons populating these orbitals Is lowered by four due

to the formation of covalent bonds. The electrons are distributed over

the levels in such a way that the total spin S is maximal (Hund's

rule). If the T o orbital is less than half filled, the effective orbi-

tal momentum L'-1 couples with the total spin S in such a way that the

state with lowest angular momentum J is lowest in energy. For a more

than half filled T. orbital the state with highest angular momentum is

lowest. As an example the model is applied to manganese in table 1.2.

Table 1.2.

Ludwig-Uoodbury description of interstitial manganese in silicon.

charge

configuration

E filling

T 2 filling

S

L'

J

2+

3d*

ft

ttt

5/2

0

5/2

+

3d«

tt

tm

2

i

1 2 3

0

tt

tttu

3/2

1

1/2 3/2 5/2

-

3<j8

tt

ttuu

1

0

1

A different interpretation of the substitutional 3d TE data has been

given by Watkins [28]. In his model, the substitutional TE is placed

in an unrelaxed vacancy and then the 3d-states are allowed to interact

with the vacancy T. states. The resulting bonding T, states are in the

valence band, whereas the anti-bonding states are in the gap. For the

light 3d-elements the non-bonding E-states are also in the gap. This

explains the reversed order of the T_ and E-states with respect to the

interstitial case. The gap-T. states have predominant vacancy charac-

ter in the model. For the elements near the end of the series the d-
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states are deeper. Therefore the TE T. states have little interaction

with the vacancy T ? states and the E-states would fall in the valence

band. The remaining T- gap states then have nearly pure vacancy char-

acter. This would mean that the late TE acceptors Ni~, Pd" and Pt" can

be thought of simply as neutral atoms with full d-shells, situated in

a negative vacancy.

The question of the validity of the vacancy model of the late TE

acceptors is addressed in the chapters 6 through 8. Chapter 6 gives a

theoretical explanation of the g-values of Pt", which deviate strongly

from the isotropic value of 2, in terms of an alternative model, based

on the idea that the 6s- and 6p-orbitals may be involved in sp-

hybridized bonds to two out of four of the silicon neighbors. Chapter

7 is a summary of the experimental data on the late TE acceptors and

pairs of these with iron. Chapter 8 reports a very detailed study of

the I0SPd~ EPR and ENDOR spectra, revealing some very unusual features

that provides clues to the structure of the late TE acceptor centers.

1.2 MAGNETIC RESONANCE

1.2.1 EPR

The electron paramagnetic resonance (EPR) technique is an

indispensable tool for the determination of the electronic structure

of defects in semiconductors. It can only be used if a center is in a

paramagnetic charge state. The crystal is subjected to a magnetic

field, typically with a strength of 1 Tesla. Then transitions between

different members of the Zeeman split ground state are observed by

resonant absorption or dispersion of electromagnetic radiation. Com-

monly used operating frequencies lie in the X-band (8.2-12.4 GHz), the

K-band (18.0-26.5 GHz) or the Q-band (26.5-40.0 GHz).

EPR allows in most cases the determination of the total angular

momentum and the symmetry of a center. Also, the chemical nature of

atoms in or close to the center may be determined from nuclear hyper-

fine interactions. Such interactions reveal both the nuclear spin and

the relative abundance of the isotopes involved, providing a chemical

'fingerprint' of the atoms present.
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1.2.2 ENDOR and FSE

In many cases the resolving power of EPR is insufficient for the

resolution of nuclear hyperfine interactions. Then the electron-

nuclear double resonance (ENDOR) technique may be of help. Examples

are centers which involve atoms with weak nuclear moments or small

electronic localizations. The KNDOR technique also allows to study the

hyperfine interactions with 29Si nuclei situated in the lattice sur-

rounding the defect. Such ligand ENDOR studies reveal the extension of

the wave function into the lattice in great detail.

The ENDOR technique relies on the incompletely understood cou-

pling between the nuclear magnetic transitions and the electron

paramagnetic relaxation rate. Basically, nuclear magnetic resonance

(NMR) and EPR transitions are induced simultaneously. The NMR transi-

tions are then studied indirectly through their effect on the EPR

intensity. The ENDOR technique combines the great resolving power of

NMR with the superior sensitivity of EPR. In ENDOR one continuously

maintains the EPR condition, while the NMR spectrum is scanned. In

field scanned ENDOR one does the opposite by maintaining the nuclear

resonance condition, while scanning the EPR spectrum. This technique

allows to obtain EPR information on spectra that are unresolved in

normal EPR.

An excellent experimental introduction to magnetic resonance is

given by Poole [29]. Introductions to the physics of paramagnetic

centers are given by Pake and Estle [30] and by Orton [31]. A

comprehensive discussion of magnetic resonance of paramagnetic centers

is given by Abragam and Bleaney [32].

In magnetic resonance one studies transitions between different

levels belonging to the ground state multiplet. Such a multiplet is

commonly described by an effective spin Hamiltonian. Simple examples

of spin Hamiltonians are the electronic and nuclear Zeeman interac-

tion. For higher spin values often more complicated higher order

terms are required in the spin Hamiltonian analysis. Since these are

different for different defect symmetries and spin values, a computer

program was developed for the construction of spin Hamiltonians. The

algorithm is described in the appendix.
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CHAPTER 2

LCAO ANALYSIS OF LIGAND HYPERFINE INTERACTIONS

2.1 STATIC LCAO ANALYSIS

When a nucleus with spin I is present in or near a paramagnetic

defect, it will interact with the electronic spin and orbital momen-

tum. The interaction Hamiltonian operator for the one-electron case

can be written (reference [1], p. 690)

It is sometimes stated [2] that if the wave function * is a Kramers

doublet (no orbital degeneracy), the expectation value of L vanishes

and therefore the orbital hyperfine term is zero to first order. This

is only true if there is no spin-orbit coupling, in which case the

spin and position coordinates are separable. The Hamiltonian then

reduces to the spin Hamiltonian

H-A..S.I. , (2.2)

with

li a 3r.r. - r26. .

^ 1 J 1J

In expression (2.2) only spin operators are left, as the spatial

Integration is carried out in expression (2.3).

If the nucleus moreover has a quadrupole moment q, it interacts

with the local electric field gradient. A field gradient will result

if the charge distribution around the nucleus has lower than cubic

symmetry. There are in general three contributions
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a) the charge distribution of the paramagnetic electron

b) the valence electronic charge distribution

c) ionic point charges

Contribution c) is of importance in ionic crystals, where the electric

field gradients of all ions may add up, but is of minor importance in

the cases discussed below. Contribution b) occurs for example if the

symmetry of valence charge density at the atom with the nuclear spin

is lowered by bonding effects. Therefore the quadrupole interaction

contains key information about the structure of the defect. The Ham-

iltonian describing the quadrupole interaction may be written [2]

H - QijVj . (2.4)

with

„ 3r.r . - r25..

^ij 21(21-1) W| r« ' ' U - D ;

Thus, in the approximation used here, the quadrupole interaction

contribution a) is simply proportional to the anisotropic part of the

hyperfine interaction.

The central idea of the LCAO approach is to expand the defect

wave function in terms of atomic orbitals centered At the lattice

sites:

* ~ s
i l

l » i l * i l ^ i ) - <2-6>

The index i runs over all nuclear sites. 1 indicates the angular

momentum of the atomic orbital <S., at the site R.. The quantity i;..

is the partial localization in the orbital 4>.,. From here on one site

at a time is considered and the index i is omitted. For silicon atoms

it ii sufficient to include only the 3s- and 3p-orbitals. At a par-

ticular site * is represented as

* - >;s|3s> + ,p fux|3x> + uy|3y> + uz|3z>J. (2.7a)

The vector u is a real-valued unit vector

u«u - 1. (2.7b)
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The total localization is

0 9 9

•» -*; + y (2.8)

Since the atomic orbitals form an overlapping and incomplete set of

basis functions, equations (2.6) and (2.7) should be regarded as the

projection of * on local atomic orbitals, rather than as a representa-

tion of * on a basis set. The hyperfine interaction is strongly

weighed in the region of the atomic cores, where 4 is constrained to

behave as an atomic orbital. Equation (2.7) may be expected to

describe * quite well in the core region, although it evidently is

unsuitable for the interatomic region.

The hyperfine interaction obtained by insertion of expression

(2.7) for * is axially symmetric about the direction u. Its isotropic

part a, i.e. 1/3 of the trace of the hyperfine tensor, results from

Fermi contact interaction of the 3s-orbital with the nucleus and is

given by

a - ^ A s , (2.9a)

with

As " § W W N < 3 S ' 5 ( ? ) I 3 S > - (2-9b)

The anisotropic part originates from dipole-dipole interaction of the

3p-orbitals with the nucleus and reads

b - f»>pAp, (2.10a)

with

A
P " i'o^Vu^l

1" 3!^- <2-1Ob>
It should be stressed that this description does not account for any

deviation from axial symmetry. Only through interaction with an orbi-

tal localized on a different site deviations from axiality may arise.

The total hyperfine interaction, in a coordinate system with x

parallel to u, will have as diagonal elements a+2b, a-b and a-b. On

the other hand, by choosing suitable axes, any experimental hyperfine

interaction can be brought into the form
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a+2b 0 0

0 a-b+c 0

0 0 a-b-c

(2.11)

The deviation from axial symmetry, represented by c in this expres-

sion, only vanishes for a neighbor site of purely axial symmetry, and,

generally, is not small by any means. The theory, presented above, is

unable to account for a non-vanishing value of c. Actually, unless c

vanishes, b and c are not uniquely determined. E.g. it is not clear

which of the three principal values of the experimental tensor should

be taken as a+2b. One may try to resolve the protlem of non-

uniqueness by requiring b - and choosing c - to be positive (for posi-

tive A ) with b>c. However this is not always possible. Alterna-

tively one may require that |b|£|c|. This, however, may lead to nega-
2

tive values of r) , which is unacceptable. Atomic values for the sili-

con 3s contact interaction A —4594 MHz and the silicon 3p dipole

interaction A —285.5MHz for silicon are given by Morton and Preston

[3].

A quite similar treatment may be applied to quadrupole interac-

tions, resulting in a purely anisotropic interaction. For a 3p-

electron one has

f-f^pV (2.12a)

with

S | ~ 3 ' (2-12b)
For d-electrons the angular factor 2/5 should be replaced by 2/7.

Silicon has no stable isotopes with quadrupole moment.

2.2 DYNAMIC LCAO ANALYSIS

As mentioned before, static LCAO analysis has several shortcom-

ings. It can only account for axial hyperfine interactions. True

axiality, however, is observed only when required by site symmetry.

Interactions with neighbors on sites with lower than axial symmetry

are mostly far from axial, except for vacancy-like defects, where near

axiality often occurs. In practice, static LCAO analysis is ambiguous

when applied to a non-axial case.
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The failure of the static LCAO analysis can be traced to its

oversimplified choice of the atomic p-orbital, because in equation

(2.7) the coefficients are assumed to be real-valued. For a wave func-

tion that is a singlet orbital centered at a single site, the matrix

elements of L vanish, in the absence of spin-orbit mixing. In this

case the wave function can be taken real-valued. However, consider a

wave function that is a combination of orbitals centered at different

sites. Only the sum over the sites of the matrix elements of L is

required to vanish for this to be an orbital singlet. The sum over

sites of the spin-orbit and orbital hyperfine interaction then van-

ishes. At an individual site, however, there may be spin-orbit cou-

pling, so that u becomes complex-valued.

If one allows u to be complex, any hyperfine interaction can be

described, as will be shown below. The correspondence between hyper-

fine tensors and coefficients in equation (2.7), i.e. the real numbers

rj and r> , and the complex unit vector u, is one to one, apart from

the usual overall complex phase factor. Since the contact interaction

is unaltered, only the anisotropic (traceless) part B. . of the hyper-

fine interaction will be considered in the following. After insertion

of expression (2.7) with complex-valued u into equation (2.3) and

integration over the spatial coordinates, B.. takes the form

B.
2 2 A
7i| A
5 'p p

* * *
2u u -u u -u u
x x y y z z

3 * *
TT(U u +u u )
2 x y y x
3 * *
2(uxVu

2V

3 * *
7r(u U +U U )
2 x y y x
* * *

2u u -u u -u u
y y x x z z

7r(u U +U U )
2 X Z Z x '
3 * *
•s(u u +u u )
2 v y z z y '

* * *
2u u -u u -u u

z 2 x x y y

(2.13)

It is easily checked that if u is a real vector, one regains the

result of the previous section by choosing a coordinate axis parallel

to u. Consider now a complex-valued vector u. One observes that B. .

does not change when li is multiplied by an arbitrary complex phase

factor

u -+ e u. (2.14)

It is straightforward to show that if one chooses $ to be

2Re u* Im u
4> — ^arctan-

Re u«Re u - Im u« Im u
(2.15)
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the real and imaginary part of u will be mutually perpendicular vec-

tors

Reu-Imu - 0. (2.16)

It should be noted that the real and imaginary parts of u can still be

interchanged by multiplication of u by the imaginary unit i. Further-
-+*

more, the same tensor is obtained by taking u . This expresses the

Kramers degeneracy of the orbital. Otherwise the complex vector u is

uniquely determined.

The normalization condition (2.7b) now becomes

u*«u - 1. (2.17)

Condition (2.16) makes it possible to choose a system of axes with x

parallel to Reu, y parallel to Imu, and z perpendicular to the plane

of Reu and Imu. On this system of axes one has u =cosa, u =i-sina
J x y

and u -=0. B. . takes the diagonal form

2 2 .
7l) A5 'p p

3cos2a-l 0 0

0 3sin2a-1 0

0 0 - 1

(2.18)

If a-0(7r/2) the atomic orbital is ]3x> (13y>) and B. . is axial along

the x-(y-)axis. One then regains the static LCAO case. If a=jr/4, the

atomic orbital is |+> (m.-+1) and B. . is again axial, but now along

the z-axis and with opposite sign. In static LCAO analysis one obtains

negative r\ in this case. For 1/3<cos2a<2/3 B. . has two positive

eigenvalues, in the opposite case only one. One can obtain any set of

eigenvalues for A. . by a suitable choice of IJ , a and T; . Since the

system of axes can also be freely chosen, equation (2.18) is seen to

allow the description of any hyperfine interaction. It should be noted

that interchanging the real and imaginary part of u now amounts to

replacing a by ir/2-a. The localization in the 3p-orbital rj is

obtained from the most negative (for A >0) diagonal element, by com-
2

paring it to -2/5 A . Ir. the static analysis one obtains tj by compar-

ing either of the three eigenvalues to 4/5 A . From equation (2.18) it

can be seen that the static analysis underestimates the p-localization

for any of the three possibilities. An error of up to a factor of 2

may occur.
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What is the physical meaning of complex coefficients? Complex

coefficients indicate that the unpaired electron has orbital momentum

with respect to the site under consideration. Momentum with respect to

an individual ligand site may subsist even if the orbital momentum

with respect to the center of the defect is zero, as long as the sum

over all sites in a shell vanishes. In a simplified picture, orbitals

with equal real and imaginary coefficients represent circular motion,

whereas orbitals with real coefficients (a—0 or n/2) represent motion

constrained to a fixed axis. One may thus think of the general case of

an atomic orbital with complex coefficients as representing elliptic

motion.

The coefficients are partly determined by the local valence

charge density at the ligand site under consideration. A deviation

from tetrahedral symmetry will result in an effective crystal field

Hamiltonian

H , - LM>.L (2.19)
valence

acting on the atomic p-orbital, where L is the orbital momentum with

respect to the ligand site. An interaction of this form does .t van-

ish if the total orbital momentum of the complete shell vanishes,

since it involves L in second order. As D is real symmetric on the

basis x, y, and z, the eigenvectors have real coefficients, i.e. they

are real combinations of |x>, |y> and |z>. If D is strong enough, the

orbital momentum with respect to the site is quenched and the hyper-

fine interaction becomes axial.

2.3 DYNAMIC ANALYSIS OF P° 2!>Si ENDOR

As a first example, the dynamic LCAO analysis is applied to the

29Si ENDOR data [4] of neutral substitutional phosphorus in silicon.

For P° a total of 23 shells were reported [4], of which 6 have trigo-

nal, 15 have mirror plane and 2 have orthorhombic symmetry. No general

class interactions were reported. In view of the non-axiality of the

interactions (except for the trigonal shells), static LCAO analysis is

not applicable. The contact densities were successfully explained by

Ivey and Mieher [5], who were able to assign the hyperfine interac-

tions to neighbor shells on the basis of their analysis. No
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Table 2.1

Dynamic LCAO analysis of Si ligand hyperfine interactions of

2
phosphorus in silicon. The total localization per site r/ is expressed

in %, partial localizations in % of the total localization. The

argument a of u in the complex plane defined by Re u and Imu is

expressed in degrees.

Rl

R2

T1

T2

T3

T4

T5

T6

Ml

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

M13

M14

M15

tensor

Hale and Mieher [4]

A

K

C

E

H

J

N

0

B

D

F

G

I

L

M

P

Q

R

S

T

U

W

X

2
V

(X)

0.1842

0.0455

0.0762

0.6247

0.0743

0.0369

0.0296

0.0546

0.1762

0.0685

0.1134

0.0400

0.0506

0.0393

0.0793

0.0374

0.0788

0.0395

0.0226

0.0211

0.0167

0.0143

0.0473

2 , 2

(%)

70.47

63.44

94.25

1.88

40.37

87.19

89.95

47.70

55.68

70.99

32.24

83.23

58.94

64.42

33.61

77.01

28.96

41.80

79.06

82.03

100

100

29.15

2/ 2Vtr
29.53

36.56

5.75

98.12

59.63

12.81

10.05

52.30

44.32

29.01

67.76

16.77

41.06

35.58

66.39

22.99

71.04

58.20

20.94

17.97

-

-

70.85

a

<°)

41.81

40.46

0.00

0.00

0.00

0.00

0.00

0.00

21.87

14.54

27.93

31.74

14.77

38.99

24.41

28.76

17.23

26.38

12.00

11.71

-

-

17.83
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Interpretation of the anisotropies was given. Ivey and Mieher remarked

that in the Bloch expansion of the wave function the coefficients are

complex-valued.

The results of dynamic LCAO analysis are presented in table 2.1.

A total electron localization of 15.99 Z is found. Of this, 0.88 % is

localized on the central phosphorus atom, 1.38 X on orthorhombic

neighbors, 3.59 % on trigonal neighbors and 10.14 Z on mirrorplane

neighbors. The sign of the 29Si hyperfine interactions is not experi-

mentally known. In the LCAO analysis the contact interaction must be

of the same sign as A . However, core polarization may yield a nega-

5 2

tive contact density i) , that should however be small relative to r\ .

Since this is not observed for most of the contact densities, it is

plausible that the observed and the atomic hyperfine interactions have

the same sign. Only for the interaction T2 (shell E in the terms of

reference [4]) this assumption may be in error. Taking the opposite

sign would give a two times larger dipole-dipole interaction and would

give o-45° instead of a-0°. This would contribute an extra 2.54% to

the total localization. The non-axial character of most of the hyper-

fine interactions indicates that crystal field effects are of minor

importance. This means that the lattice is nearly unperturbed around

the defect. The cause the large spin-deficiency is discussed in

chapter 5.

2.4 DYNAMIC ANALYSIS OF V" 2»Si ENDOR

As a second example, the 29Si interactions of the negatively

charged vacancy in silicon are considered. In references [6,7] a

static LCAO analysis was given. The results of the dynamic analysis

are displayed in table 2.2. Table 2.3 compares the localization data

for the two types of analysis. Since the electron manifests itself

primarily through nearly axial interactions, ascribed to sites on a

[011]-chain, the localization is not much different in the two

approaches. However, the dynamic LCAO quantity gives precise meaning

to the phenomenological notion of axiality used by Sprenger et al.

The small values of a along the [011]-chain are a sign of strong cry-

stal fields. Hence a disturbance of the charge distribution and/or a

lattice deformation extends into the crystal along the chain.
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Table 2.2

Dynamic LCAO analysis of Si ligand hyperfine interactions of the

negatively charged vacancy in silicon. The total localization per site
2

ri is expressed in %, partial localizations in % of the total

localization. The complex phase a of u is expressed in degrees. The

chain classification is taken from reference [7].

tensor

Rl

R2

Mad!

Mad2

Mad3

Mad4

Mad5

Mad6

Mad7

Mad8

Mad9

Mad 10

Madli

Mad! 2

Mad 13

Madl4

Mad 15

Madl6

Mad 17

Mad 18

Mbcl

Mbc2

Mbc3

Mbc4

Mbc5

2
V

(2)

0.1443

0.0353

28.3818

6.4799

4.1320

1.7324

0.8423

0.4107

0.4515

0.1925

0.1942

0.2006

0.2182

0.1030

0.0860

0.0476

0.0806

0.0738

0.0260

0.1474

0.2851

0.3762

0.1084

0.0604

0.6655

2/ 2

(%)

10.05

17.44

27.29

16.86

16.08

16.92

16.33

16.31

11.45

17.19

13.27

11.63

10.60

17.17

9.47

17.02

10.03

8.55

17.07

1.81

16.08

11.56

16.67

7.55

0.67

2/ 2

vp/v(%)

89.95

82.56

72.71

83.14

83.92

83.08

83.67

83.69

88.55

82.81

86.73

88.37

89.40

82.83

90.53

82.98

89.97

91.45

82.93

98.19

83.92

88.44

83.33

92.45

99.33

a

(°)

40.82

6.30

10.90

15.54

12.79

14.47

13.16

13.32

10.04

13.25

39.16

21.66

4.20

12.24

8.48

11.51

1.63

43.78

11.63

20.81

29.10

33.72

28.74

42.66

14.85

note

chain

chain

chain

chain

chain

chain

chain

chain

chain

chain
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Table 2.2 continued

tensor

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10

G11

G12

G13

G14

G15

G16

G17

G18

G19

G20

G21

G22

G23

G24

G25

G26

T)

(X)

2.1331

1.5930

0.6808

0.3828

0.2158

0.3103

1.3272

0.2571

0.3084

0.1989

0.2566

0.1238

0.1260

0.1004

0.0644

0.0734

0.0694

0.0532

0.0775

0.0643

0.0757

0.0736

0.0768

0.0539

0.0491

0.0409

2, 2

(X)

13.64

10.89

15.49

15.38

20.80

14.18

3.29

14.83

9.82

15.12

11.71

11.34

10.68

11.74

15.39

13.08

13.67

16.45

10.78

11.88

9.52

9.54

7.67

10.65

11.30

12.75

2/ 2V
(X)

86.36

89.11

84.51

84,62

79.20

85.82

96.71

85.17

90.18

84.88

88.29

88.66

89.32

88.26

84.61

86.92

86.33

83.55

89.22

88.12

90.48

90.46

92.33

89.35

88.70

87.25

a

(°)

8.22

10.65

12.88

36.95

29.28

12.84

40.69

38.69

10.87

8.89

6.77

38.70

18.97

6.06

14.94

16.75

4.39

5.49

9.47

35.53

40.91

18.70

41.31

13.36

2.97

14.83

note

chain2

chain2

chain2

chain2

chain2
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Table 2.3

Localization on V" neighbor shells in static and dynamic :,CAO

compared.

class

R

Mad

Mbc

G

total

static

0.11

82.84

2.26

29.56

114.77

I3 CO
dynamic

0.18

87.60

2.99

35.14

125.91

2.5 CONCLUSION

Dynamic LCAO analysis allows to account fully for observed ligand

hyperfine interactions. The non-axiality of the ligand hyperfine

interactions, that poses a fundamental problem to the conventional -

static - LCAO analysis is finally explained. It arises from the fact

that even for an orbital singlet wave function, orbital momentum with

respect to individual ligand sites may subsist, as long as the total

over a complete shell vanishes. This situation occurs in indirect gap

semiconductors, where effective mass type states are constructed from

conduction states with non-vanishing momentum. The first example,

Si:P°, is typical for this case. If defect contains broken bonds, such

as in the second example, strong local crystal field quench the orbi-

tal momentum with respect to the nuclear site and the interactions

have a more axial appearance.

Dynamic LCAO allows a reliable estimate of the electron localiza-

tion for non-axial interactions, where the static estimate is too low.

As it is a real space approach, it provides a conceptually simple

framework for a deeper understanding of the nature of defect ground

state wave functions.
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CHAPTER 3

PARAMAGNETIC RESONANCE OF A Se-Al COMPLEX

ABSTRACT

In selenium diffused, aluminium doped silicon a new electron

paramagnetic resonance (EPR) spectrum, Si-NL31, was observed as a

broad structure superposed on the selenium pair resonance. The EPR

spectrum could not be analyzed directly, but an intense 2TAl electron

nuclear double resonance (ENDOR) spectrum of trigonal symmetry was

found to be related to it. The small hyperflne interaction combined

with the large quadrupole effect are evidence for a negatively

charged, substitutional Al acceptor, with a donor at the nearest

neighbor position. By field scanned ENDOR the EPR spectrum could be

analyzed. The small anisotropy and shift of the g-value with respect

to the free electron value is circumstantial evidence for the presence

of a selenium double donor. The nearly vanishing contact density on

the 2 7A1 nucleus is evidence for a doublet ground state, for which the

defect axis lies in a nodal plane. This explains why the EPR spectrum

shows no resolved 77Se hyperfine structure. The connection to the

complex Si:Se(X.), which is observed with infrared absorption and

which also has a doublet groundstate, is discussed.

3.1 INTRODUCTION

Chalcogen centres in silicon have been extensively studied by

electron paramagnetic resonance (EPR) [1,2,3] and ligand electron

nuclear double resonance (ENDOR) [1,4,5]. A review of infrared

absorption studies on chalcogens in silicon is given by Wagner et al.

[6]. Chalcogen centres in silicon represent a theoretical challenge,

as the effective mass theory describes the excited states very well,

but fails for the ground states. They are also of technological

interest, as selenium is applied in infrared detectors [7] and sulfur

is a major contaminant in solar-grade silicon [8]. The isolated
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substitutional chalcogens and nearest neighbor substitutional chal-

cogen pairs show deep double donor behavior and have been studied both

in EPR (except for Te.) and in infrared absorption. Less well under-

stood are the higher order chalcogen complexes reported from infrared

absorption studies [6,9,10]. The complexes designated X. to X, contain

three chalcogens. For X, and X_ the presence of two resp. one chal-

cogen has been demonstrated. Involvement of transition metals in these

complexes is not likely, as was shown by intentional doping.

In this chapter a paramagnetic resonance study of a new chalcogen

donor centre, from here on referred to as Si-NL31, is presented. Si-

NL31 incorporates a negatively charged acceptor and is closely con-

nected to the selenium complex Se(X.), a deep double donor [9,10] that

contributes to the infrared efficiency of Si:Se detectors [7].

3.2 EXPERIMENTAL

The sample was prepared by diffusion of selenium into p-type,

floating-zone silicon doped with about 2 x 10 1 s Al atoms per cm3 and a

room temperature resistivity of 0.8 Ocm. A 0.5 cm3 quartz ampoule

initially containing typically 1 mg of powdered selenium mixed with

excess silicon powdev and a 2x2x20 mm3 crystal was kept at 1370 °C for

a period of 5 1'iys. Under these circumstances a 1 bar SiSe atmosphere

is formed [11]. The ampoule volume was small to prevent deterioration

of the crystal by vapor transport. After the diffusion treatment the

ampoule was cooled down to room temperature in about 2 minutes. The

magnetic resonance experiments were carried out on a K-band

superheterodyne spectrometer operating at 23 GHz. The magnetic field

was modulated at a frequency of 83 Hz. The nuclear magnetic resonance

(NMR) signal for ENDOR measurements was chopped at a rate of 3.3 Hz.

For a complete description of the equipment see Sprenger [12]. The

field scanned ENDOR (FSE) technique is extensively described by Niklas

and Spaeth [13]. The usual procedure for ENDOR measurements is to

lock the field on the EPR line while scanning the NMR frequency, which

produces an NMR-like spectrum. In FSE one locks the frequency to the

NMR line and then scans the magnetic field. The observed ENDOR spec-

trum in this case looks like ordinary EPR, but only EPR transitions

connecting levels involved in the NMR transition are observed. Thus



- 33 -

FSE allows the study of unresolved EPR features.

3.3 RESULTS

In the temperature range from 10 to 15 °K the well-known EPR

spectra of Se [2] and Se? [3] were detected with relative intensities

of 1:2. These spectra are easily identified by the large, charac-

teristic hyperfine interaction with the 1-1/2 nucleus of 77Se (7.50%

natural abundance). The predominance of the Se. resonance indicates a

Fermi level between 306.5 meV (the Se°'+ level) and 206.4 meV (the

Se*' level) below the conduction band [6]. The Se2 resonance showed

an asymmetric lineshape stemming from a broad featureless underlying

EPR spectrum. From the intensity of the hyperfine structure, it was

inferred that only 70% of the integrated intensity is due to Se?. Part

of the spectrum is shown in figure 3.1a for the magnetic field B

parallel to the <100> direction.

Table 3.1. Observed spin Hamiltonian parameters for Si-NL.31.

parameter

g

%
A

Q

2.

11.

2.

XX

00106

0993

9046

0.

1.

0.

00072

8146

5026

2

6

1

.00250

.5338

.0052

2

1

-0

1

.00034

.0900

.5026

units

MHz/T

MHz

MHz

ENDOR measurements revealed intense, anisotropic resonances that

were not related to the Se. resonance. In figure 3.2 an example of an

ENDOR spectrum is shown. The small linewidth of only 3 kHz enhances

greatly the spectral resolution. It should be compared with the values

of usually 100 kHz or more encountered in the literature. FSE meas-

urements showed the ENDOR spectrum to be related to the unresolved EPR

structure. The FSE spectra for the various nuclear transitions with

m -+1/2 and B//<100> are shown in figure 3.1c-g. For comparison, a
b +

29Si FSE spectrum related to Se- is shown in figure 3.1b. The new

centre is hereafter referred to as Si-NL31. The nuclear g-value was

roughly determined by observing the shift of the ENDOR position as the



- 34 -

824 823 822 821
FIELD (mT)

Fig. 3.1. The unravelling of the ESR spectrum with FSE for B//<100> at

a microwave frequency of 23.036 GHz. a) Central part of the total ESR

spectrum. b) 29Si FSE spectrum related to the Se~ resonance. c-g)

27Al FSE spectra of Si-NL31 for m g - V 2 and B//<100>, showing the

correlation to the structure on the high field flank of the Se*

resonance. The transitions are c) |i/2,3/2> <-» |1/2,5/2>, d) |1/2,1/2>

<-> |l/2,3/2>, e) |i/2,-1/2> «— |i/2,1/2>, f) J1/2,-3/2> *-• |1/2

and g) |l/2,-5/2> «-> |i/2,-3/2>.

magnetic field was varied within the EPR linewidth. A value of 10.5 ±

0.5 MHz/T was obtained, suggesting 2TA1 as the nucleus responsible for

the ENDOR. As the precise electron g-values of Si-NL31 could not be

determined from the unresolved EPR, ENDOR and FSE measurements were

performed simultaneously. The observed angular FSE patterns display

trigonal symmetry. From the absence of multiple patterns, an electron
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Fig. 3.2. Example of 2 TA1 ENDOR spectrum with B//<100>. Transition

|i/2,3/2> <-> |1/2,5/2>. The splitting in three lines with intensity

ratio 1:2:1 is caused by a slight misalignment of the crystal.

spin S—1/2 was deduced. The spectra could be described by the spin

Hamiltonian

H - + S«A-I + (3.1)

with nuclear spin 1—5/2. Because of the presence of strong 29Si ENDOR,

the nuclear spin could not be obtained directly from the multiplicity

of the spectrum. A fit to within the linewidth of 3 kHz was obtained

for the ENDOR spectrum, whereas the FSE resonances were observed

within 10X of the 0.4 mT linewidth of the calculated positions. The

resulting parameters are shown in table 3.1.



0 10 20 30 40 50 60 70 80 90
field angle 0 (degrees)

Fig. 3.3. Angular dependence of the 27A1 ENDOR spectrum of S1-NL31,

as calculated from the observed parameters at a microwave frequency of

23.043 GHz. The observed resonances were all situated within 3 kHz

from the displayed curves.
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The observed value of g,. is definite proof for the presence of

the 1005! abundant " A l nucleus, with gN~11.094 MHz/T [14]. The sign

of g was assumed to be positive, as for a pure electron spin. Since

gN is known to be positive, A is expected to be also positive within

the LCAO model discussed below. This experiment yields only the sign

of the product g«gN«A«Q, which is determined to be positive. With the

above assumptions, it then follows that Q >0. A comp_C»r simulation

of the 27A1 ENDOR pattern is shown in figure 3.3. Its irregular

appearance stems from the large quadrupole effect compared to the

hyperfine interaction. Figure 3.4 gives the simulated EPR spectrum.

In first order the quadrupole term does not influence the electronic

transitions, but in higher order it leads to nonequidistant hyperfine

splitting. The splittings are to be compared to the FSE linewidth of

0.4 mT.

3.4 DISCUSSION

Starting from an LCAO interpretation of the observed nuclear

interactions, it will now be argued that Si-NL31 consists of a nearest

neighbor Al acceptor, paired to a Se or incorporated in a Se (X.)
S S 1

double donor, which presumably involves three selenium atoms. Here the

subscript s indicates a substitutional lattice site. The formation of

such donor acceptor pairs is to be expected in view of the large

Coulomb energy.

The 2rAl hyperfine interaction contains information about the

behavior of the the defect wave function at the aluminium site. Since

the interaction has axial symmetry the static LCAO analysis described

in the previous chapter will be applied, consistent with the assumed

positive sign of the observed hyperfine interaction. In terms of the

dynamic LCAO analysis this means that Q-0 is assumed. The other possi-

bility, a—w/4, which would result in a two times larger partial local-
2

ization 7 , is not considered.

Following Morton and Preston [15], an Al s-orbital produces a

contact interaction of A -3911 MHz and, using gj. from table 3.1, an Al

p-orbital produces a hyperfine anisctropy of A -83.1 MHz. Upon com-
2 P o

parison with the observed values, one finds t? -0.075 X and »j -2.18%.
2 s P

From the small value of IJ it follows that the Al atom is in a
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Fig. 3.4. Angular dependence of the ESR spectrum of Si-NL31, as

calculated from the observed parameters for a microwave frequency of

23.036 GHz. The deviations of the observed FSE positions from the

displayed curves did not exceed 10% of the linewidth of 0.4 nT.
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nonmagnetic charge state. Clearly another, paramagnetic, atom or com-

plex must reside on the defect axis. The vanishingly small contact

density indicates that the defect wave function has a node at the

position of the 27A1 nucleus. The alternative that Al is at a distant

site is clearly unattractive, in view of the large quadrupole interac-

tion. The observed residual contact interaction may be due to core

polarization or to a small admixture of some excited state. Such an

admixture can also explain the slight deviations from the free elec-

tron g-value. Of course, if A is interpreted as a residual effect, the

above LCAO treatment is no longer valid. Then, also, A need no longer

be positive and all that can be said is that A and Q have the same

sign.

In contrast to the hyperfine interaction, the quadrupole interac-

tion probes the charge distribution near the nucleus [16]. Though it

contains contributions from nearby nuclear charges and defect elec-

trons, it is dominated by deviations from tetrahedral symmetry of the

valence electrons. Quadrupole interactions may therefore provide

important clues to the structure of a defect. For a positive elemen-

tary point charge situated at 2.35 A from a 27Al nucleus along the

<111> direction one obtains q -20.0 kHz, using equation 12 of refer-

ence [17]. On the other hand, with equation 2.12 and the value for

<3p|r |3p> taken from reference [15], the unbalanced charge of a

<111> oriented aluminium 3p orbital amounts to q —1048 kHz. Using

the observed value of r\ , the fraction of the defect electron local-

ized at the Al then contributes only q —22.9 kHz. These constitute
xy

only small and mutually opposite effects. The observed value of 502.6

kHz can only stem from axially distributed valence charges. From the

LCAO analysis one obtains a charge imbalance of effectively 54.0% of a

hole or electron along the defect axis. The possibility of an inter-

stitial Al with a pair of non-bonding p-orbitals oriented in the

(lii)-plane cannot be ruled out, but the more likely configuration is

substitutional Al . Support for this view comes from the 27Al ENDOR

spectrum of the Al. -Al pair G19. This defect also has nearly free

electron g-values [18] and a large quadrupole effect of 390 kHz with

the Al nucleus [19]. The analysis of the quadrupole effect of Si-

NL31 presented here, is, to our opinion, equally well applicable to

G19. For Si-NL31 as well as G19, the large valence charge imbalance is
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evidence for a substantial trigonal lattice deformation at thf Al

site.

In order to arrive at a paramagnetic centre, the Al ion must be
s

paired to a donor. The g-values are remarkably close to the free elec-

tron value, which excludes the involvement of a transition metal. The

donor should be deep, so that the ground state is well separated in

energy from other states, and no orbital momentum is mixed in through

spin-orbit coupling with the conduction band [20]. The only known

deep simple, non-transition metal donors are the interstitials Mg.

(g-1.9981) [21], Al. (g-2.0019) [18], the vacancy (1/3tr{g)-2.OO22)

[16] and chalcogen centres. Mg is a rather improbable unintended

impurity and, furthermore, the Mg. level of 256.50 meV below the

conduction band edge [22] is not deep enough, so that its g-value com-

pares to the value of 1.9985 of the shallow group V donors. B. and

Al. only form upon irradiation and moreover, two trigonal Al. -Al

pairs, G19 and G20, are already known [18,19]. Vacancy related com-

plexes also form only upon irradiation and the known [16] trigonal

aluminium-vacancy pair is also excluded. Since there is no alterna-

tive, we conclude to the involvement of the intentional dopant

selenium. The existence of a chalcogen acceptor complex was first pro-

posed by Vydyanath et al. [23]. These authors report a reverse depen-

dence on the boron concentration of the photoconductivity spectra of

selenium-diffused silicon, and conclude the formation of Se-B com-

plexes. The 7.5 X abundant 77Se isotope with 1-1/2 should then give

rise to hyperfine satellites. It will be argued below that the wave

function is expected to have a node also on the donor position. In

this case the hyperfine structure may be unresolved in EPR, whereas

the low intensity 77Se ENDOR may be obscured by the many 2»Si ENDOR

resonances from S1-NL31, Se« and other defects that may be present.

The 1s ground states of chalcogen donors in silicon can be writ-

ten as
6

*(r) - S a.F.(r)* <r), (3.2)
X x 1

where the F. are envelope functions and the ^. are the Bloch functions

at the 6 equivalent conduction band minima. In the effective mass

approximation F obeys a hydrogen-like equation and there is 6-fold

degeneracy. A cubic central cell potential lifts the degeneracy and



splits the ground state into a 1s(A..) singlet, a ls(E) doublet and a

1s(T.) triplet. For a positive sign the singlet lies lowest, as shown

in figure 3.5 for Se+. If a trigonal potential is added, the ls(T,>)

level undergoes a further splitting into an odd is(A^) singlet and an

odd 1s(E ) doublet state. For consistency, the even Is states are

renamed 1s(A. ) and ls(E ). The symmetry of these states is given
'& g

below in symbolic form

*1s(A1g) - * 2 + y 2 + z 2 . (3.3a)

n n n n n

•is<E ) - 2* - * - y • * - y • <3-3b>

•is(Eu) " 2z - x - y, x - y, (3.3c)

The states have distinct parity only if the centre has inversion sym-

metry. As shown in figure 3.5, the trigonal perturbation of the Se_

pair (symmetry 3m) raises all levels, but lowers the 1s(E ) level, as
(P. _

this level effectively avoids the trigonal axis. In a Se -Al donor-
s s

acceptor pair (symmetry 3m) the trigonal potential would be even

stronger and a 1s(E) level ends up lowest. This is consistent with the

vanishing contact density on the 27Al-nucleus and with the lack of

resolved 77Se hyperfine structure. One would expect the ground state,

an orbital doublet occupied by a single electron, to be split by a

Jahn-Teller deformation, and, consequently, to have lower than axial

symmetry. As this is not observed, Si-NL31 should be a dynamical

Jahn-Teller system. A similar conclusion is reached in a recent paper

by Krag [25], reporting infrared absorption measurements unJer applied

stress on several sulfur centres. One centre, the trigonal double

donor known as A or S(X,). in the neutral charge state showed split-

tings consistent with an doublet ground state. It is therefore tempt-

ing to identify Si-NL31 with the analogous Se(X.) complex [9]. More-

over, Se(X1) has a second ionization level of 213.7 meV below the con-

duction band edge, which makes it the only known infrared centre that

is paramagnetic in the estimated range for the Fermi level of the



- 42 -

CONDUCTION BAND

Fig. 3.5. Level scheme of Is ground states of the ionised chalcogen

centres Se+ [6], Se* [6] and Se+(X1) [9,10]. The ls(E) level of Ss
+

was calculated by Altarelli [24]. The 1s(E ) level is not known for
+ ° -t-

Se2> but was assumed to be situated below the 1s(E) level of Se , as
for the neutral charge states.
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crystal. In figure 3.5, also the Is levels of the Se (X..) centre are

shown. However, according to Wagner et al. [6], Se(X1) contains 3

chalcogens. ENDOR experiments on crystals doped with isotopically

enriched selenium are therefore needed to clarify the role of selenium

in Si-NL31.

3.5 CONCLUSION

In conclusion, the experimental evidence indicates a close rela-

tion between the new magnetic resonance centre Si-NL31 and the

infrared absorption centre Se (X.) and fully supports the assumption

that both centres are manifestations of the same defect. Further

research on the role of acceptors in chalcogen complexes may lead to a

more complete understanding of these defects.
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CHAPTER 4

THE SULFUR FAIR IN SILICON:

3 3s ELECTRON NUCLEAR DOUBLE RESONANCE

ABSTRACT

Sulfur pairs in silicon are studied by electron paramagnetic

resonance (EPR) and by 3 3S electron nuclear double resonance (ENDOR).

The trigonal symmetry and electron spin S-1/2 are experimentally esta-

blished. For magnetic field B parallel to the <111> pair axis, the

EPR intensity is strongly reduced. This gives the spectrum its isotro-

pic appearance. A value for the g-anisotropy is reported. The 3 3S

nucleus experiences a large quadrupole effect. The nearly isotropic

hyperfine interaction is consistent with an even parity ground state.

Two possible models for the valence electronic structure are dis-

cussed. The g-anisotropies of S and Se. are qualitatively explained.

4.1 INTRODUCTION

The chalcogens sulfur, selenium and tellurium are well known to

form complexes in silicon. The first observation of sulfur in silicon

was made by Carlson et al. [1] who reported two sulfur related donor

levels in silicon. The sulfur pair was the first chalcogen complex to

be identified. Its electron paramagnetic resonance (EPR) spectrum,

reported by Ludwig [2] consists of an apparently isotropic resonance

with g-2.0008. Attempts by this author to observe 3 3S electron

nuclear double resonance (ENDOR) failed, but stress measurements indi-

cated an electron spin of 1/2. The hyperfine interactions with the

0.74% abundant 3 3S nucleus, which has nuclear spin 1-3/2, directly led

to its identification as a pair of two equivalent sulfur atoms. Though

such a pair obviously cannot have cubic symmetry, no g-anisotropy

could be detected in EPR. The symmetry of the pair could therefore

not be determined.
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A definite identification of the energy levels reported by Carl-

son, situated at 187.5 and 370.0 meV below the conduction band edge,

as the S®'+ and the st levels, was obtained from infrared (IR)

absorption, Hall effect, resistivity and photoconductivity measure-

ments by Krag et al. [3,4], Camphausen et al. [5] and Janzen et al.

[6]. Furthermore, these authors report consistency with trigonal sym-

metry. An extensive review of IR absorption results for chalcogen

centers in silicon is given by Wagner et al. [7].

Worner and Schirmer [8] reported the EPR spectrum of the com-

pletely analogous Se. pair, revealing a detectable anisotropy. Their

data were consistent with trigonal symmetry, but do not exclude a

still lower symmetry. The analogous Te^ pair, which is known to exist

from IR absorption [7], has not yet been identified in EPR.

The double donor character of the isolated and paired chalcogens

indicates that the chalcogens occupy the substitutional lattice posi-

tion, though Niklas and Spaeth [9] express some preference for the

interstitial site for the isolated tellurium donor on the basis of a

lineshape analysis. Recent calculations by Beeler et al. [10,11] pro-

vide evidence for the substitutional site. The parity of the ground

state under space inversion has been the subject of some discussion.

Worner and Schirmer [8] concluded negative parity from their 77Se

hyperfine data. Their analysis will be critically discussed further

below. Earlier optical experiments [6] - see Wagner [7] for a review -

clearly demonstrate the A.. character of the chalcogen pair ground

state, as will be shown later. Calculations by Weinert and Scheffler

[12] also favor positive parity.

In this chapter EPR and 3 3S ENDOR measurements are presented that

prove the trigonal symmetry of the sulfur pair with high experimental

accuracy. The electron spin value is confirmed to be S-1/2. The lack

of delocalization with respect to isolated sulfur can be accounted for

by an even ground state. A large quadrupole effect is reported, which

provides an important experimental clue to the valence structure of

chalcogen pairs.



4.2 EXPERIMENTAL CONSIDERATIONS

The isotopically enriched sulfur, used in the experiment con-

tained 25.54 at.X of the magnetic isotope 3 3 S , which has nuclear spin
-30 2

1-3/2, nuclear g-value gN-0.4290 and quadrupole moment Q—5.5x10 m

[13]. This was diffused into p-type, floating-zone silicon doped with
15 3

about 5x10 boron atoms per cm and a room temperature resistivity of
3

3 Ocm. A 0.5 cm quartz ampoule initially containing 0.5 mg sulfur

mixed with excess silicon powder and a 2x2x20 mm crystal was kept at

1370° for a period of 40 hours. Under these circumstances a 1 bar SiS

atmosphere is formed [14]. The ampoule volume was small to prevent

deterioration of the crystal by vapor transport. After the diffusion

treatment the ampoule was cooled down to room temperature in about 2

minutes. The magnetic resonance experiments were carried out on a K-

band superheterodyne spectrometer operating at 23 GHz. The magnetic

field was modulated at a frequency of 83 Hz. The radio frequency (RF)

signal for ENDOR measurements was chopped at a rate of 3.3 Hz. For a

complete description see Sprenger [15]. The field scanned ENDOR (FSE)

technique was described by Niklas and Spaeth [16]. The usual pro-

cedure for ENDOR measurements is to lock the magnetic field on the EPR

line while scanning the RF, which produces an NMR-like spectrum. In

FSE one locks the RF to an NMR line and then the magnetic field is

scanned. The observed ENDOR spectrum in this case looks like ordinary

EPR, but only EPR transitions connecting levels involved in the NMR

transition are observed. Thus FSE allows the study of unresolved EPR

features.

4.3 3 3S ENDOR RESULTS

At temperatures between 10 and 20 °K, the EPR spectra of isolated

sulfur (S ) and the sulfur pair (S_) are observed. The absolute and

relative intensities of these spectra depend strongly on the thermal

treatment. Samples cooled down to room temperature at a moderate rate,

in about 2 minutes, showed strong S ? and relatively weak S reso-

nances. Subsequent rapid quenching in water from about 1200 °C

resulted in a sharp rise of the S resonance accompanied by a drop in

the S- intensity. A short treatment at 800 °C, followed by a rapid
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quench in water, undid the effect of the 1200 °C quench. At tempera-

tures below or above 800 °C the S* signal did not regain its original

intensity. One concludes that the pairs dissociate above 800 °C,

whereas they are converted into non-paramagnetic higher order com-

plexes below this temperature. The pairs are seen to be rather stable.

825 820 815 810 805

MAGNETIC FIELD (mT)

Fig. 4.1. The EPR spectrum of the sulfur pair for B//<001>, with 25%

33S enrichment, recorded at a microwave frequency of 22.8144 GHz and

at a temperature of 18 °K. The spectrum is a superposition of S^

(I«0), (33S-S)+ (1-3/2) and " S * (1-0,1,2,3) resonances. The 33S2

spectrum consists of resonances with m »0,+1,±2 and ±3 with relative

intensities of resp. 4,3,2 and 1. The S resonance is not observed at

this temperature.

The pair spectrum is shown in figure 4.1. It consists of a cen-

tral line (1-0), a fourfold spectrum (1-3/2) due to 33S-S centers and

a sevenfold spectrum due to 33S-33S, which can be regarded as a super-

position of spectra with 1-0,1,2 and 3. The relative intensities of
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the spectra are consistent with a 3 3S abundance of 25 % and tw*

equivalent sulfur sites. Precise position measurements on the '•̂ S-S

spectrum for B//<100> reveal a slight deviation from equiUistance.

This is due to higher-order mixing of the quadrupole and the hyperflne

interaction, as will be shown next. The spectra will be described by

the spin Harailtonian

H - /*BB.g;-S - gNMNB'I + S.A.I + T-Q-I, (4.1)

with nuclear spin 1-3/2. At this point trigonal symmetry and electron

spin S—1/2 will be assumed. A definite determination of the symmetry

and the electron spin will be made further on. For B//<100> the EPR

transitions are, up to second order, given by

hu - g /*nB - -IA + -rA2 /g /1OB + 18Q
2 /A

°xx B 2 xx 4 xx xx B Ĵy x x

hi/ = g /iDB - | A + | A 2 /g A»»B - 30Q2 /A
6xx^B 2 xx 4 xx' 6xx^B xxjr xx

Second order contributions from the - in EPR - unresolved anisotropies

g and A may be neglected. From equation (4.2) and the accurate

EPR positions, not only g and A , but also Q can be determined.

The result is Q =2.46 MHz, whereas a computer fit, based on diagonal-
xy

ization of equation (4.1) with g and A put to zero, gives Q -2.43
xy xy Tcy

MHz. Although the quadrupole effect is purely nuclear, its magnitude

can thus be obtained from EPR. As will be seen in section 5, a fully

occupied sulfur p-orbital gives rise to a quadrupole effect of Q.^IO

MHz. Since the pair contains two extra valence electrons, the quadru-

pole splitting may be as large as 40 MHz. Therefore the accurate EPR

analysis greatly facilitated the search for ENDOR.

At a temperature of 18 °K 3 3S ENDOR could be observed. An example

of an ENDOR spectrum is shown in figure 4.2. The linewidth is typi-

cally 25 kHz. As the hyperfine spectrum is well resolved in EPR, the

NMR transition to which an observed resonance corresponds, can be

identified from observations of this resonance alone, without
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Fig. 4.2. Example of a 3 3S ENDOR spectral line with B//<001>.

Transition 11/2,-1/2> <-| 1/2,+1/2>. The linewidth is 25 kHz.

knowledge of the full angular pattern. Consider the level scheme

shown in figure 4.3. If e.g. an ENDOR line is observed only for B

positioned on the nij-1/2 and the m.-«3/2 EPR line, it is one of the

transitions |+1/2,1/2> «|±1/2,3/2>. A similar reasoning holds for the

other NMR transitions. Since an NMR transition is observed at two dif-

ferent magnetic field values and one has hAf-gN/iNABm /|m |=13 kHz, m

can be determined from the sign of the frequency shift.

The observed ENDOR positions could be fitted to within 5 kHz with

the Hamiltonian given in equation (4.1), with trigonal symmetry, I-=3/2

and S-1/2. This fully establishes the symmetry and the electronic

spin, since a higher electronic spin would have produced well resolved

second order splittings. Inclusion of the higher order terms of the
2 3 3

type BSI , BI and SI did not improve the computer fit significantly.

The resulting spin Hamiltonian parameters are shown in table 4.1. Also
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S 2 +

• 3/2

+ 1/2 +1/2

-1/2
-3/2

-3/2

+ 1/2

+ 3/2

-1/2

9//M-BBmS * Q//mI - mI m S

Fig. 4.3. Level scheme for the spin Hamiltonian expression (1). The

EPR transitions (Am =±1,Am =0) and the NMR transitions (Am «-0,Am =±1)

are indicated. The figure was drawn for B-816 mT and B along the

defect axis. The expressions given for the splittings are exact in

this case.

given is the value of g , as determined from 29Si field scanned ENDOR

(FSE), with B//<011> [17]. For comparison also the corresponding

values for the selenium pair [8] are included.

The observed value of g^ agrees with the value of +0.4290 given

by Fuller [13], from which reference also the value of g N for
 77Se was

taken. It is reasonable to assume that g and A are positive.

Experimentally, 0 and A are determined to have the same sign,
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Table 4.1.

Observed spin Hamiltonian parameters for S^ and Se. [8],

parameter

^xx'^xy
g r g x

%
A ,Axx xy
A||,AX

%

2.00074(5)

1.99992

0.4290(5)

113.200(5)

114.956

4.600

-0.00041(2)

2.00115

0.878(5)

112.323

2.300(5)

-2.300

Se

2.0033

2.0020(4)

1.0681

606(9)

618(9)

+
2

-0.0006

2.0039(4)

6

600(9)

MHz

MHz

MHz

MHz

which implies Q >0. Figure 4.4 displays the full 3 3S ENDOR spectrum

of the sulfur pair. The anisotropy is completely dominated by the

large quadrupole splitting. The defect orientations in the magnetic

field plane, which correspond to the open loops in the figure, were

not observed in ENDOR. The reason is that for B parallel to the

defect axis the EPR intensity collapses, as can be seen from figure

4.5, which shows a detail of the EPR spectrum for magnetic field

B//<111>. For negative m.. the hyperfine and g-anisotropies add up,

and the resonance from the <111> pair orientation is separated from

the coinciding <iTTx<TiT>+<TTi> resonances by about +0.53 mT, and is

therefore just resolved in EPR. However, the EPR of the pairs aligned

with B is only observed as a weak feature on the high field flank of

the resonance from the non-aligned pairs. A possible explanation of

this EPR collapse is that practically no orbital momentum parallel to

the defect axis can be mixed into the ground state by spin-orbit

interaction. Therefore the spin-lattice relaxation in this case is

strongly reduced. As a consequence the EPR spectrum is determined by

those pair orientations which are nearly at right angles to B, enhanc-

ing the isotropic appearance of the S. spectrum.
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FIELD DIRECTION in (Oil) PLANE

Fig. 4.4. Full angular dependence of the 33S ENDOR spectrum of S* as

calculated from the observed parameters at a magnetic field of 808.32

mT and a microwave frequency of 22.8144 GHz. The observed resonances

were all situated within 5 kHz from the displayed curves.
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Fig. 4.5. Part of the EPR spectrum for B//<111> at a microwave

frequency of 22.8144 GHz. Shown are the tn — 3 / 2 and the m =-1/2

transitions. The resonances belonging to the <iTT>, <TiT> and <Ti1>

defect orientations coincide. The resonance of the <111> orientation

shows a resolved splitting, but is barely visible on the high field

flanks.

4.4 THE DEFECT ELECTRON

The hyperfine interaction at the sulfur sites provides informa-

tion about the defect electron. As in the previous chapter, the

interactions have strictly axial symmetry, whereas the sign of the

hyperfine interaction is very likely to be posistive. Therefore the

static LCAO treatment is sufficient here.

Following Morton and Preston [18], an unpaired sulfur s-orbital

produces a contact interaction of A —3463 MHz, whereas an unpaired

sulfur p-orbital produces a hyperfine anisctropy of A -100.5 MHz.

Using the results of chapter 2, section 1, one finds from table 4.1

that rj -3.27% and », - 0 . 8 7 % . The values of JJ and i/ for S. are
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compared to those of Se. in table 4.2, using hyperfine data from the

references [2] (S +), [6] (Se+) and [8] (Se*).

Table 4.2

Static LCAO analysis of sulfur and selenium centers

using atomic parameters from reference [18].

2 2
7j a

vV
2

V
2

a

4
3.27

0.87

4.14

78.9

21.1

3.01

1.22

4.23

71.2

28.8

S +

9.03

S e +

8.25 %

%

X

%

%

The contact densities for the two pairs are very close and are propor-

tional to the values for the isolated centers by nearly the same fac-

tor : 0.362 for sulfur and 0.365 for Se. The total localization on

both chalcogens practically equals the localization on the isolated

chalcogen. This is not what one would expect, considering the S«

center as a S center, perturbed by a neutral S on the nearest neigh-

bor site. For such a model the localization only equals that of the

unperturbed S center if ionization energies are equal. However, the

pair is much shallower (S^ -370.0 meV) than the isolated defect

(S+//++-613.2 meV) [7].

Surprisingly, Wbrner and Schirmer [8] conclude negative parity of

the ground state from the observed reduction of the contact density of

the pair with respect to the single defect. These authors did not take

into account that Se_ is considerably shallower than Se , which suffi-

ciently explains the reduction, and neglected the contribution to the

localization from the hyperfine anisotropy. Moreover, decisive exper-

imental evidence for positive parity was already available - see e.g.

reference [6] - when the Se2 EPR spectrum was first reported. In fig-

ure 4.6 the multivalley split ground state levels of isolated and

paired sulfur are shown. In the case of S. the symmetry is lowered

from 43m to 3m and the T_ triplet is split into an odd singlet A_ and
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Fig. 4.6. Level scheme of Is ground states of S°, S?' S and S^.

an odd doublet E . From figure (4.6) it is clear that the pair ground

state is related to the S A, state and therefore must be the even A,

state. The possibility of an odd ground state can be excluded from

these data.

4.5 THE VALENCE ELECTRONIC STRUCTURE

The quadrupole interaction probes the charge distribution near

the nucleus, as was mentioned in chapter 2. An early LCAO analysis of

a quadrupole interaction was made by Watkins [19]. A quadrupole

interaction may reveal the deviation from tetrahedral symmetry of the

valence electrons. If this deviation is small or no valence charge is

present, as is the case for interstitials, contributions from defect
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electrons or unscreened nearby nuclear charges are also of importance.

Direct information on the valence structure of a defect may be

obtained from quadrupole effects.

A positive elementary point charge situated at 2.35 A from a 3 3S

nucleus along the <111> direction gives 0 —24.6 kHz, using equation
Tiy

(12) of ref. [20] and the nuclear data from ref. [13], The unbalanced
charge of a <111> oriented sulfur 3p orbital leads to Q -+5.28 MHz.

2 X^

Taking rj from table 4.2, the defect electron contributes Q -+46.1

kHz. Neglecting these contributions, the observed value of

Q -+2.300(5) MHz corresponds to a valence charge unbalance of 4 4 % of

a sulfur 3p-electron on the defect axis.

Each sulfur contributes 5 valence electrons. Let us put four

electrons in s-p hybridized bonds with the three silicon and one sul-

fur neighbor atoms. These may contribute to the quadrupole effect

since sulfur is more electronegative than silicon, but this will be

neglected here. Then the quadrupole moment should be produced by the

remaining electron. This electron cannot be in an s-orbital, since

these are occupied and produce no quadrupole interaction.

One possibility is that the extra electron is in a 3p-orbital

oriented along the defect axis. This is equivalent to the sulfur hav-
2

ing sp bonds with its silicon neighbors and a lone pair of localized

non-bonding p-electrons along the defect axis. Since the valence

unbalance does not correspond to an entire 3p-electron, the extra

electron should spend some of its time on the S-Si bonds as well. The

S-S bond and to a lesser extent also the Si-S bond are weaker than

pure sp bonds in this model. Weinert and Scheffler [12] have found

that the highest defect related valence state has A. symmetry and is

related to the A. valence state of the divacancy. They find a binding

energy of -0.3 eV, which appears to be too small to explain the sta-

bility of the pair. As discussed above, the pairs are stable at tem-

peratures up to at least 800 °C. A possible mechanism for increasing

the binding energy is relaxation of the sulfur atoms along the defect
2

axis. Such relaxation is consistent with the planar sp character of

the S-Si bonds in the model. Calculations that allow for lattice

relaxation have been performed on several T, symmetrical substitu-

tional impurities in silicon and GaAs [21], among others Si:S, but not

for defects of lower symmetry.
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An alternative model is conceivable with the fifth electron in a
_3

d-orbital. No value for <r >.. for sulfur is available, to our
la

knowledge, but a fully occupied A. (3d)-orbital can account for the
'S-3 _3

quadrupole effect, if one assumes <r > =0.6<r >~ . Calculations by

Singh et al. [22] demonstrate the importance of d-orbitals for neutral

isolated chalcogens in silicon. It is well known that d-orbitals are

important in the chemistry of sulfur, selenium and Te. For sulfur the

energy required for 3p-3d promotion (8.4 eV) and 3s-3p promotion (7.9
3 2

eV) [23] is comparable and it tends to form strong sp d bonds in com-

pounds like SF, and S.F.. [24]. Finally, the involvement of d-orbitals

in sulfur, selenium and tellurium related defects in silicon could

explain why oxygen, which element lacks low-lying d-orbitals, behaves

so very differently from the heavier chalcogens. On the other hand

size effects may also be important.

4.6 THE g-TENSOR

Deviations of the g-tensor of orbital singlets from the free

electron value g -2.00232 occur by admixture of orbital excited states

through spin-orbit coupling. The g-shift due to spin-orbit coupling at

a specific shell of sites is given by [25]

( 4' 5 )E - E
on

The effect of the potential, i.e. the defect atomic potential or the

ligand potential, is accounted for by the effective spin-orbit parame-

ter A. In this equation, the orbital moment is defined with respect

to the ligand site under consideration. Consider an A., state in 43m

symmetry, or an A. state in 3m symmetry with B parallel to the axis.

In these cases only orbital matrix elements with states of T.. symmetry

are non-vanishing. The nearest T. states are the excited np, states

[26]. These are very shallow effective mass states, the lowest of

which, 2p+, is situated at 25.6 meV below the conduction band edge.

Moreover, only the non-spherical part of the ground state contributes,

i.e. 1S3 for 43m and 1S4 for 3m symmetry. This fact, combined with

the large energy separation and difference in localization of the

ground and the T. excited state, results in a very small g-shift.
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Since sulfur and selenium related centers have very similar elec-

tronic structure, the ligand contribution will be practically equal

for both chemical species. However, the impurity contributions for

the two atoms are expected to differ substantially. From atomic data

[23] one finds Ac -5A . It is therefore tempting to conclude from the
+ +

near equality of the g-values of S and Se that the impurity contri-

bution site is negligibly small. Schirmer and Scheffler [27] have pro-

posed a model that predicts a linear, impurity independent, correla-

tion between the g-shift and the level position for orbital singlet

states in cubic and axial symmetry. The model, apparently, is not

valid for the chalcogen pairs, since there is a relatively large

difference between the values of g for S~ and Se« of 0.0021. As the

hyperfine interactions at the impurity site indicate a remarkable

similarity of the electronic structure for both defects, the g-values

indicate, contrary to the basic assumption of the model, that the

impurity contribution cannot be neglected.

The fact that the EPR intensity is strongly reduced for B .-long

the pair axis indicates that the spin-lattice relaxation, and there-

fore the spin-orbit coupling, should practically vanish for this case.

But then g. should be equal to the free electron value, as is the case

for Se- for which the relaxation effect is less drastic. Therefore the

ĝ  shift of S2> apparently, cannot be explained in the usual way.

The g-anisotropy arises from spin-orbit coupling with the 1s(E )

excited state. This is easiest, seen for Se_. Since Ao <0 and E >E ,
2 Se n o

one expects g,>g , as is observed. The problems encountered in refer-

ence [8] can be traced to the fact that their equation (5) has the

wrong sign [28]. The g-anisotropy of S. can be understood in the same

way, provided one considers g,-g,| , instead of g,-g . The fact that

the g-anisotropy of Se- exceeds that of S- by only 50% can be under-

stood by assuming that the impurity site contributes only 10 X and the

ligands 90Z.
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4.7 CONCLUSION

The apparent isotropy of the S ? EPR spectrum originates from a pro-

nounced drop in EPR intensity, presumably caused by an increase in the

relaxation time, for magnetic field directions close to the defect

axis direction. From the 3 3S ENDOR spectrum it follows that the pair

has trigonal (3m) symmetry and S-1/2. The hyperfine interaction is

consistent with even parity and demonstrates a close analogy of the

sulfur and the selenium pair. Two electronic models are possible that

explain the observed quadrupole interaction. The first has lone pairs
2

oriented along the pair axis and sp hybridized S-Si bonds. In this

model, lattice relaxation has to be invoked in order to explain the

pair stability. The second model has an A. state made up from 3d-

orbitals, corresponding to an extra sulfur bond. Calculations that

allow for lattice relaxation and include sulfur d-orbitals are

required to decide between the two models. The g-anisotropy of the

chalcogen pairs is qualitatively understood as resulting from spin-

orbit admixture of the excited 1s(E ) state to the A. ground state.
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CHAPTER S

THE SULFUR PAIR IN SILICON:

29SI ELECTRON-NUCLEAR DOUBLE RESONANCE

ABSTRACT

The positively charged sulfur pair in silicon was studied with

29Si electron nuclear double resonance (ENDOR), complementing a previ-

ous 3 3S ENDOR experiment which demonstrated trigonal symmetry. The

hyperfine tensors of interactions with 14 ligand shells were resolved,

involving a total of 120 silicon neighbors. Of these shells 8 have

mirror plane and 6 have general symmetry. No trigonal shells were

resolved, which proves the substitutional character of the pair. The

wave function is found to be concentrated towards the (Iil)-plane

through the center of the pair. The g-anisotropy was determined by

field scanned ENDOR. The results of static and dynamic LCAO analysis

are compared. The total spin localization on atomic sites for the sul-

fur pair in the dynamic analysis is 72.7%. This number is close to

the result for isolated sulfur, which is a considerably deeper donor.

5.1 INTRODUCTION

In the previous chapter an electron paramagnetic resonance (EPR)

and 3 3S electron-nuclear double resonance (ENDOR) study of the sulfur

pair was presented. The experiment showed that the pair has trigonal

symmetry and the 3 3S hyperfine interaction was found to be consistent

with an even parity ground state. These results are consistent with

infrared absorption measurements [1,2]. A large S 3S quadrupole

interaction was found, indicating a substantial trigonal deviation

from tetrahedral symmetry of the valence electron density on the

defect axis. Two models were considered that can account for the sta-

bility of the pair and for the quadrupole interaction. In the first,

lone pairs of p-electrons. oriented along the pair axis, are localized
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at the sulfur atoms. An outward relaxation of the sulfur atoms would

then be expected. In the second model, it was proposed that the pair

has an extra bond along the axis, made up from the low lying unoccu-

pied sulfur 3d-orbitals. Both models display a pile up of negative

charge on the defect axis, consistent with the observed quadrupole

interaction.

In this chapter a complementary 29Si ENDOR study is presented.

The hyperfine interactions with 14 shells of silicon neighbors is

observed, comprising a total of 120 atoms. From Field Scanned ENDOR

(FSE) measurements the g-anisotropy, which is not directly observable

in EPR, is accurately determined. From the hyperfine data a qualita-

tive picture of the defect wave function is deduced. The da*:a also

prove that the sulfur atoms occupy substitutional lattice sites. From

the multiplicity of the hyperfine patterns the electron spin value of

1/2, obtained in chapter 4, is confirmed. The observed hyperfine

interactions are interpreted in two different ways. First the conven-

tional, static, linear combination of atomic orbitals (LCAO) analysis

is applied, which can only account for hyperfine interactions that

have strictly axial anisotropy of definite sign. Only small deviations

from axial symmetry are possible through interaction with atomic orbi-

tals localized on neighboring sites. Secondly,, the dynamic LCAO

approach, introduced in chapter 2, is used. In dynamic LCAO analysis

the difficulties mentioned above are overcome by allowing the coeffi-

cients in the linear combination to take complex values.

5.2 EXPERIMENTAL CONSIDERATIONS

The silicon isotope 29Si has nuclear spin 1-1/2, a nuclear mag-

netic moment of 8.459 MHz/T [3] and a natural abundance of 4.70% [4].

As a consequence, an EPR spectral line will be a superposition of

spectra with hyperfine splitting due to the presence of 29Si nuclei in

the immediate vicinity of the defect. These ligand hyperfine split-

tings are in general unresolved in EPR. Only in a few cases the larg-

est splittings, due to nuclear spins at the positions closest to the

defect, are resolved. However, the ligand interactions are not small

with respect to the nuclear Zeeman frequency and are very well

resolved in nuclear magnetic resonance (NMR). In different words, the
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magnetic field of the nucleus is small, whereas that of the electron

is large with respect to the linewidth, which is of the order of a few

Gauss in both EPR and NMR. The low sensitivity of NMR with respect to

EPR inhibits the direct observation of defect 29Si NMR. Indirect

observation, on the other hand, of defect NMR is often possible

through electron-nuclear double resonance (ENDOR). This technique

relies on the, incompletely understood, variation of the EPR relaxa-

tion time that is observed when radiation at an NMR frequency is

present.

In the experiment a continuous wave spectrometer was employed,

operating at 23 GHz (K-band). Superheterodyne detection at an inter-

mediate frequency of 60 MHz was used. The magnetic field strength was

controlled to within 1 /tT by combined proton resonance measurements

and micro-processor action. The magnetic field orientation in the

plane of rotation was controlled to within 1/100 of a degree. The sil-

icon crystal was mounted in such a way that the plane of rotation of

the magnet coincided with a mirrorplane. EPR and ENDOR experiments

were performed in dispersion. The magnetic field was modulated at 83

Hz, whereas the radio frequency field for NMR was on/off modulated at

3 Hz. More details on the equipment can be found elsewhere [5].

TABLE 5.1

Neighbor shell characteristics in 3m symmetry.

symmetry symbol group sites distinct resonances

general B B K i T o >

trigonal T 3m 2 4 3

monoclinic M m 6 12 7

triclinic G T 12 24 12

The lattice sites around a defect can be grouped into shells of

equivalent positions. Sites that transform into each other by a sym-

metry operation that leaves the defect orientation unaltered belong to

the same shell of neighbors. The sulfur pair has 3m (D_.) symmetry,

as was shown in chapter 4. The three possible symmetry types of
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ligand shells and the number of sites in each type of shell are given

in table 5.1. A symbol for designation of each type is also given. The

coordinate system is chosen such that the plane of rotation of the

magnet is the (lTO)-plane. The sulfur pair is assumed to be oriented

along the <111>-direction, unless specified otherwise. Mirrorplane

symmetric hyperfine tensors are given for the orientation with the

mirrorplane perpendicular to the (1lO)-plane.

5.3 *s>Si ENDOR RESULTS

746 7.45
FREQUENCY

7.44 7.43
(MHz)

Fig. 5.1. Example of a Si ligand ENDOR spectrum of the sulfur pair.

Shown is the pattern G5 for magnetic field B-814 mT along <001>. The

linewldth is 1.5 kHz. The very small splitting of the low frequency

lines of only 1.5 kHz distinguishes it from a mirrorplane interaction.

At temperatures of around 15 K 29Si ENDOR could be observed. In

EPR no resolved 29Si hyperfine structure is observed. 29Si ENDOR lines

were found at frequencies up to 25 MHz. The 29Si nuclear Zeeman fre-

quency u was close to 6.9 MHz in the experiment. The lines belonging

to the largest interaction had peak heights corresponding to 0.02 %<>
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- per ligand atom - of the EPR intensity and a linewidth of 25 kHz.

Close to v the typical peak height corresponded to TJ^, of the EPR

intensity and the linewidth was 1.5 kHz. This small linewidth allows

the spectra to be studied in fine detail. An example of a resonance

spectrum is given in figure 5.1. The three resonances belong to the

hyperfine interaction G5 (see below). The two low-frequency resonances

are split by merely 1.5 kHz, revealing that the interaction has gen-

eral class instead of mirrorplane symmetry.

As was observed in chapter 4, the EPR intensity strongly depends

on the relative orientation of B and the pair axis <111> due to a

sharp increase in the relaxation time for B parallel to the pair axis.

As a consequence, in general no ENDOR was observed for these orienta-

tions. For one particularly strong resonance pattern, a weak ENDOR

line could be observed under these circumstances by raising the meas-

urement temperature by 15 K to about 30 K.

By means of field scanned ENDOR (FSE) it was possible to deter-

mine the g-anisotropy. For B // <110> two ENDOR lines were chosen,

that were known to belong to different pair orientations, but to the

same neighbor shell G4. For both lines the magnetic field was scanned

while preserving the nuclear resonance condition. This required con-

tinuous, computer controlled, correction of the frequency for the

shift of the nuclear Zeeman frequency during the scan. The result is

shown in figure 5.2. The difference in intensity is again due to the

relaxation effect mentioned above. The observed splitting was 0.34

mT, yielding g - -0.00042.

The ENDOR spectrum was studied for B parallel to the crystal main

directions <001>, <111> and <110>. These data overdetermine the hyper-

fine tensor parameters and, due to the large resolving power, are suf-

ficient for the analysis. For the largest hyperfine interactions the

signal-to-noise ratio was too poor for observations at intermediate

field directions. For confirmation of the analysis, intermediate

angles were run in the frequency range near v where the spectrum is

more densely populated. Since only single patterns occurred above the

nuclear Zeeman frequency, the electronic spin was confirmed to have

the value S-1/2. Fourteen distinct 29Si hyperfine patterns could be

resolved, of which 8 have mirror plane and 6 have general symmetry. No

trigonal patterns were resolved. The observed interactions involve a
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Fig. 5.2. Field scanned ENDOR (FSE) of the sulfur pair resolving the

g-anisotropy for B//<001>. Two scans are superimposed for two

resonances of G4, belonging to different pair orientations. During a

field scan the frequency was pinned to the ENDOR position by

continuous correction for the nuclear Zeeman shift. The frequency

value at maximum intensity is displayed in the figure. From the

splitting of 0.34 mT it was determined that g —0.00041.
xy

total of 120 silicon neighbors of the pair. The analysis was per-

formed by diagonalization of the spin Hamiltonian

: + s.£.i, (5.1)

with electronic spin S-1/2, nuclear spin 1-1/2 and nuclear moment

g u /h-8.459 MHz/T. By varying the hyperfine parameters, the observed

resonance frequencies were fitted to the transitions between the Ham-

iltonian eigenstates. The resulting hyperfine tensor parameters are

summarized in table 5.2. The sign of the hyperfine interactions
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TABLE 5.2

Observed Si ligand hyperfine interactions of the sulfur pair. A is

the cartesian hyperfine tensor. The A. and n. are its eigenvalues and

-vectors. The overall minus sign is omitted.

tensor

Ml

M2

M3

M4

M5

M6

M7

M8

23937.69

4909.82

-4859.77

11616.8

276.5

388.5

5384.3

197.1

137.8

5349.2

34.4

-138.8

4729.3

-38.6

-14.9

2015.7

3.6

0.3

737.9

-101.5

88.1

822.7

16.9

-17.3

•4-t

A

23937.69

-4859.77

11616.8

388.5

5384.3

137.8

5349.2

-138.8

4729.3

-14.9

2015.7

0.3

737.9

88.1

822.7

-17.3

23817

12348

5293

5323

4797

2069

949

820

.95

.8

.8

.7

.1

.8

.4

0

Ai

33651

19027

19014

12715

11526

11340

5679

5195

5187

5552

5314

5155

4801

4767

4686

2069

2019

2012

992

839

592

856

805

803

.1

.9

.4

.8

.3

.3

.8

.5

.3

.2

.8

.2

.2

.9

.7

.8

.3

.0

.9

.4

.8

.1

.8

4

0.5796

0.7071

0.4051

0.3928

0.5880

0.7071

0.6312

0.3187

0.7071

0.5364

0.7071

0.4607

0.1325

0.7071

0.6946

0.0059

0.7071

0.7071

0.2333

0.7071

0.6675

0.5856

0.7071

0.3963

0

-0

0

0

0

-0

0

0

-0

0

-0

0

0

-0

0

0

0

-0

0

-0

0.

0.

-0.

0.

"i

.5796

.7071

.4051

.3928

.5880

.7071

.6312

.3187

.7071

5364

.7071

4607

1325

7071

6946

0059

7071

7071

2333

7071

6675

5856

7071

3963

-0

0

0

0

-0

0

0

-0

0

-0

0

0

-0

0

0

1

-0

0

0

0

-0.

-0.

0

0.

.5729

.8196

.8315

.5555

.4507

.8927

.6516

.7586

9823

1874

0000

0084

9440

3299

5604

8282
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TABLE 5.2 continued

tensor

G1

G2

G3

G4

G5

G6

9103.3

-551.5

371.9

8616.6

580.7

-362.4

3219.4

218.1

-183.3

1683.5

-95.2

87.6

1093.7

-14.4

5.1

702.4

58.3

-45.5

«-*
A

8430

-17.

8519

-345.

2820.

293.

1587.

-50.

1095.

6.

673.

-22.

7

4

0

7

6

3

3

9

8

8

4

3

8220.

8217.

2603.

1571.

1131.

656.

0

1

2

8

0

1

Ai

9500.

8288.

7965.

8

1

0

9368.4

8003.

7981.

3320.

3008.

2314.

1789.

1529.

1523.

1132.

1109.

1079.

769.

641.

620.

2

1

2

2

8

2

7

6

4

1

0

7

2

9

0.8578

0.1599

0.4885

0.6732

0.5520

-0.4920

0.9315

-0.2154

0.2931

0.7742

0.3281

0.5412

0.0723

0.6927

0.7177

0.7392

-0.0848

0.6681

Si

-0.4462

0.7034

0.5533

0.6226

-0.0642

0.7799

0.3512

0.7420

-0.5710

-0.4714

0.8695

0.1472

0.1545

-0.7186

0.6781

0.5403

0.6668

-0.5132

0.2551

0.6926

-0.6747

-0.3989

0.8314

0.3869

-0.0945

0.6348

0.7668

0.4223

0.3691

-0.8278

0.9854

0.0618

-0.1590

-0.4020

0.7404

0.5387

from the observed resonances.

A computer simulation of the angular variation of the resolved

interactions is given in the figures 5.3a and 5.3b. The rather isotro-

pic character of the hyperfine interactions clearly shows. The indivi-

dual patterns are shown in section 5.7. The need for high resolving

power is clear from the hyperfine pattern G5. The tiny deviation from

mirrorplane symmetry displayed by G5, which nowhere exceeds 2 kHz,

would have been overlooked at only slightly lower resolving power.

A prominent feature of the hyperfine data of table 5.2 is that,

in spite of the overall trigonal symmetry, no trigonal ligand hyper-

fine interactions were observed. For a pair of interstitials, the
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Fig. 5.3a. Simulated angular patterns of all resolved interactions in

the frequency range from 10 to 25 MHz at a magnetic field of 814 mT.

The observed resonances were all within the linewidth from the

displayed curves. 8 is the angle of the magnetic field B with the

<00Indirection in the plane of rotation T
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Fig. 5.3b. Same as figure 5.3a for the frequency range 7-10 MHz.

nearest neighbor shell has trigonal symmetry, whereas for a pair of

substitutionals, the first neighbor has mirror plane symmetry. The

first 20 nearest neighbor shells of a substitutional pair are given in

table 5.3, in order of distance to the center of the pair. The first

trigonal neighbor shell, in the substitutional case, is seen to occur



TABLE 5.3

The nearest 20 neighbor shells of a substltutional nearest neighbor

pair, situated at [000] and [111], in order of distance from the

center [•££}] of the pair. The distance to [111] and the symmetry class

are also given. The length unit of 0.1357 tun is consistent with the

site notation.

shell

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

site

[220]

[113]

[331]

[004]

[224]

[115]

[224]

[440]

[115]

[333]

[531]

[335]

[206]

[513]

[444]

[026]

[551]

[642]

[117]

[444]

to UH

2.18

2.96

3.57

3.57

4.09

4.56

4.56

4.97

4.97

4.97

5.36

5.72

5.72

5.72

6.06

6.06

6.38

6.69

6.69

6.69

distance

] to [111]

1.73

2.83

2.83

3.32

3.32

4.00

4.36

4.36

4.90

4.90

4.90

4.90

5.20

5.66

5.20

5.92

5.66

5.92

6.32

6.56

class

M

G

M

M

M

M

G

M

M

M

G

M

G

G

T

G

M

G

G

a

only at the fifteenth nearest neighbor site. Experimentally, the larg-

est hyperfine interaction is found to have mirror plane symmetry and

trigonal symmetry does not occur among as many as the first 14 hyper-

fine interactions. This result excludes the possibility of an
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interstitial pair and constitutes direct experimental evidence for the

substitutional character of the sulfur pair.

Fig. 5.4. Perspective view of the sulfur pair embedded in a cluster

formed by the eight nearest neighbor shells. The viewing direction is

<32l>. For visibility the sufur atoms, represented by the large

spheres, are shown with a 10% inward relaxation.

A model of the substitutional sulfur pair embedded in the cluster

formed by the ten nearest neighbor shells is shown in figure 5.4. The

large spheres represent the sulfur atoms and are shown with an inward

relaxation of 10% for better visibility. The perspective view is from

the <32"T>-direction to one of the sulfur sites.

The largest hyperfine interaction, Ml, is very anisotropic and

deviates by a rhombic splitting of only 13.5 kHz from axial symmetry.

The near-axial direction deviates only 0.14 degree from a <ill>-

direction. The resolved g-anisotropy allows a clear experimental dis-

tinction between the <111>- and the <iTT>-direction. From the proper-

ties of Ml it appears that the pair distance is very nearly equal to
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the silicon bond length. In chapter 4 the question was raised whether

the two extra valence electrons of the pair are in lone pairs centered

at the sulfur atoms or in a binding combination of 3d-orbitals. It now

appears that neither model can be correct in its extreme form. A

detailed theoretical study of this problem is needed.

Another observation can be made upon comparing tables 5.2 and

5.3. Both the third and fourth largest observed interactions are of

the low symmetry G-class. On the other hand, table 5.3 shows that the

second G-class neighbor site is only the seventh nearest neighbor to

the pair. Also the other G-class interactions are larger than would be

expected purely on the basis of distance. The relative abundance of

mirror plane sites is largest in the vicinity of the defect axis,

where the three equivalent mirror planes intersect. Therefore, the

observed relative predominance of G-class interactions is consistent

with an oblate deviation from isotropy of the wave function, with the

defect electron predominantly concentrated towards the (Hi)-plane

through the center of the pair. This interpretation is consistent with

the A. symmetry of the wave function.

A similar argument can be applied to the tetrahedral center S in

silicon. For Si:S 8 hyperfine interactions were resolved [6], of

which 4 have trigonal, 3 have mirror plane and 1 has orthorhombic sym-

metry. On the basis of site distance, one would expect only 1 trigonal

interaction, whereas the third and fourth trigonal neighbors take only

the 14 and 15 positions. It therefore appears that the spin den-

sity is strongly concentrated towards the <111>-axes pointing from the

center.

For P° a total of 23 shells were reported [7], of which 6 have

trigonal, 15 have mirror plane and 2 have orthorhombic symmetry. No

general class interactions were reported. On the basis of site dis-

tance one would expect only 2 trigonal and 12 mirrorplane, but 5 gen-

eral class interactions. Most striking is the fact that the 6 trig-

onal neighbor is as far away as at the 63 position, whereas it takes

the 15 position on basis of contact interaction. The nearest gen-

eral class sites are the 11 and 12 neighbors.

One concludes that for simple (i.e. non-transition metal) substi-

tutional donors of tetrahedral symmetry the wave function penetrates

into the lattice predominantly along the threefold axes and to a
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lesser extent in the mirrorplanes. For the sulfur pair this tendency

is not observed: the wave function avoids the mirrorplanes through the

pair-axis. The origin of this may well be an excess valence charge on

the pair axis, spreading preferentially in the mirrorplanes through

the pair.

5.4 STATIC LCAO ANALYSIS

Before the dynamic LCAO analysis of ligand hyperfine interactions

is applied, the observed hyperfine interactions will be analyzed with

the static LCAO theory described in chapter 2. At a particular

nuclear site the defect wave function * is represented as

, (5.2)

where the vector u is a real-valued unit vector. This local atomic

wave function will result in a hyperf.'.ne interaction that is axial

along u. As stated in chapter 2 the static description does not

account for any deviation from axial symmetry of the hyperfine

interactions. Only through interaction with an orbital localized on a

different site small deviations of axiality may arise.

By choosing suitable axes, the experimental hyperfine interac-

tions are brought into the form

a+2b 0 0

0 a-b+c 0

0 0 a-b-c

(5.3)

2 2
From a and b the partial localizations per nuclear site i) and q , as

well as the total localization are obtained by use of equations (2.9)

and (2.10). The deviation from axial symmetry, represented by c in

this expression, only vanishes for a neighbor shell of purely axial

symmetry, and is not generally small. The static theory cannot account

for a non-vanishing value of c, in which case b and c are not uniquely

determined. It is not clear which of the three principal values of the

experimental tensor should be taken as a+2b. In the analysis

presented below this non-uniqueness was resolved by requiring b and c

to be of the same sign as a, which will lead to |c|>|b| in some cases.

Another possible choice is to require |b|S|c|. This, however, may lead
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2
to r) , which evidently is quite unacceptable.

TABLE 5.4

Static LCAO analysis of sulfur pair Si hyperfine interactions. a is

the isotropic part, b the axial and c the rhombic anisotropy, in units

of kHz. The overall minus sign is omitted. The total localization per
2 2 2

site r) is expressed in %, the partial localizations ?j and rj in % of

tensor

Ml

M2

M3

M4

M5

M6

M7

M8

G1

G2

G3

G4

G5

G6

a

kHz

23897.8

11860.8

5354.2

5340.7

4751.9

2033.7

808.4

821.8

8584.7

8450.9

2881.1

1614.2

1106.8

677.3

b

kHz

4876.7

427.5

162.8

105.7

24.6

18.0

92.3

17.2

458.1

458.7

219.6

87.5

12.8

46.2

c

kHz.

6.8

93.0

4.1

79.8

40.6

3.6

123.3

1.2

161.6

11.0

346.7

3.1

15.0

10.2

b/c

721.0 4.790

4.60

39.63

1.32

0.61

4.97

0.75

14.30

2.84

41.58

0.63

28.66

0.85

4.54

2
V

%

10.9

0.633

0.259

0.209

0.125

0.060

0.098

0.033

0.588

0.586

0.255

0.112

0.035

0.055

2/ 2

%

89.1

40.8

45.0

55.7

82.8

73.7

17.9

54.3

31.8

31.4

24.6

31.4

68.3

26.7

2/ 2V%

59.2

55.0

44.3

17.2

26.3

82. 1

45.7

68.2

68.6

75.4

68.6

31.7

73.3

Atomic values for the 3s contact interaction A —-4594 MHz and the
s

3p dipole interaction A —285.5MHz for silicon are given by Morton and
P 2 2 ?

Preston [8], The LCAO coefficients i? , tj and t)~, listed in table 5.4,

were obtained by using these values. The signs of the hyperfine

interactions were not determined in the experiment and were assumed to

be negative like A and A .

The interactions are very isotropic. The amount of s-character

exceeds 50 X in 5 out of 13 interactions, whereas in only one case the

p-character exceeds 75% appreciably.
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Only 5 out of 13 interactions have a symmetry close to axial,

namely M3, M8, G2 and G4. This fact impedes an f.ssignment of the

interactions to lattice sites within the framework of static LCAO

analysis, with the exception of the nearest neighbor interaction Ml.

The second largest interaction M2 substantially deviates from axial-

ity. The direction belonging to its largest eigenvalue is very closely

aligned to the <112>-direction, making right angles with the bond

direction <1i7>. Only the direction belonging to the second largest

eigenvalue does approach the bond direction <11:f>. Apart from Ml, the

interactions resemble the ligand interactions of the shallow group V

donors [7], and are different from the vacancy-related ligand hyper-

fine interactions [9,10,11,3,12], which are predominantly close to

<m>-axiality.

In spite of the deep nature of the defect state, the static LCAO

description traces only 65.10 2 of an electron spin. It is estimated

here that no more than 5 to 10% of spin density is residing in the

remaining, unresolved, ligand hyperfine structure. Of the spin density

traced in ENDOR, 8.282 is located on the sulfur atoms and 28.74 2 is

located on Ml , 8.52 X is found on the other mirror plane ligands and

19.57 % on the general class ligands. One finds that some 30 2 of the

spin density, in this description, is not localized on any atomic

site.

5.5 DYNAMIC LCAO ANALYSIS

Static LCAO analysis can only account for axial hyperfine

interactions. Truly axial hyperfine interactions, however, occur only

for sites on a symmetry axis. Interactions with neighbors on sites

with lower than axial symmetry are mostly far from axial, except for

vacancy-like defects, where near axiality often occurs. Static LCAO

analysis is ambiguous when applied to a non-axial case.

The failure of the static LCAO analysis is caused by its oversim-

plified choice of the atomic p-orbital, because the LCAO coefficients

are assumed to be real-valued. If one allows u to be complex, the wave

function acquires sufficient flexibility to describe any hyperfine

interaction. In chapter 2 the dynamic LCAO analysis was developed,

which allows a hyperfine interaction to be characterized by the
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partial localizations and the angle a of the direction of u in the

complex plane formed by Reu and Imu. For coordinate axes parallel to

Re u and Imu, and perpendicular to this plane, A., is diagonal. For

this choice the anisotropic part of A,., B.. takes the form

2 2 .

5 'p P

3cos2a-1

0

0

0

3sinza-1

0

0

0

-1

(5.4)

The static case is recovered for a-0 or a-n/2.

TABLE 5.5

Dynamic LCAO analysis of sulfur pair Si ligand hyperfine interactions.
2

The total localization per site r) is expressed in %, partial

localizations in % of the total localization. The argument a of u in

the complex plane defined by Re u and Imu is expressed in degrees. f
2

and f are the ratios of the dynamic to the static result for »? and
2

•n , respectively.

tensor

Ml

M2

M3

M4

M5

M6

M7

M8

G1

G2

G3

G4

G5

G6

2
V

4.7964

0.7140

0.2627

0.2788

0.1605

0.0632

0.2063

0.0340

0.7295

0.5953

0.5586

0.1145

0.0485

0.0641

2/ 2

10.85

36.16

44.36

41.70

64.43

70.03

8.53

52.67

25.62

30.90

11.23

30.69

49.68

23.00

2, 2v
89.15

63.84

55.64

58.30

35.57

29.97

91.47

47.33

74.38

69.10

88.77

69.31

50.32

77.00

1

20

7

32

40

19

38

11

24

7

39

8

36

20

a

o

.74

.19

.35

.38

.11

.45

.13

.94

.64

.19

.71

.67

.89

.27

f
P

1.00

1.21

1.02

1.76

2.66

1.20

2.33

1.07

1.36

1.02

2.59

1.03

2.18

1.22

f

1.00

1.13

1.01

1.33

1.28

1.05

2.11

1.03

1.24

1.02

2.19

1.02

1.39

1. 17
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The dynamic LCAO analysis is now applied to the hyperfine data of
2 2

table 5.2. The resulting values for r\ , r) and a are displayed in
s P 2

table 5.5. The last two columns give the ratios f (f) of >? (ij) in

the dynamic and the static analysis. One finds that the 3p-

localization for most tensors substantially increases. The total

localization per site of the shell Gl now exceeds that of M2, con-

sistent with an oblate concentration of the wave function towards the

(Iii)-plane through the center of the pair. The ratio of 3p-

localization in the dynamic and static analysis is largest for M5

(2.66), G3 (2.59) and M7 (2.33). For M7 and G3 the total localization

more than doubles. There are two types of mirrorplane tensors. For

the first, the vectors Re u and Imu both lie in the mirrorplane. For

the second, one of these vectors is perpendicular to the mirrorplane.

As was discussed in chapter 2, the distinction between the two types

is related to the symmetry of the wave function, not of the site.

The assignment of interactions to neighbor shells is not possible

without a detailed theory. Such a theory is not available for the sul-

fur pair and the assignment proposed below is only tentative, except

for Ml and Gl. Ml represents by far the largest 3s and 3p spin local-

ization of the mirrorplane class and is very nearly axial about a

<liT>-direction. It is therefore very likely to originate from the

nearest neighbor site [220] (see table 5.3). For G1 there can be no

doubt that it is associated to the [311] position, since no other G-

class site is within close range. The direction of Re u in table 5.5

approximately coincides with the direction from [3iT] to the center of

the pair. It is reasonable to associate either G2 or G3 to [422],

which is the next nearest G-neighbor. Further assignments cannot be

made.

The total localization represented by the resolved interactions

is increased from 65.10 to 72.70 X. Since it was estimated above that

the unresolved hyperfine interactions contain about 5 to 10 % localiza-

tion, the total localization on atomic sites is about 80%. The total

localization for vacancy like defects does add up to values around

100 2 [9,10,11,12]. For V~ static LCAO analysis gives a total locali-

zation of 114.8X [3] , whereas the dynamic LCAO analysis presented in

chapter 2 gives 126 X. The single chalcogen donors S [6], Se+ [13]

and Te [14] also have rather isotropic ligand interactions, except
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for the nearest neighbor shell. For these defects about 70% of an

electron spin is accounted for by the static LCAO treatment. On the

other end of the scale, the shallow group V donor P° has a total

localization of merely 15.99%, as was rhown in chapter 2. Clearly, an

effective mass state cannot be represented in terms of orbitals local-

ized at the atomic sites, where the nuclei reside. The deep lying

states of Si:S and Si:S?, on the other hand, more resemble combina-

tions of atomic states.

The 'missing' of spin density in Si:P is an experimental conse-

quence of the fact that effective mass states, as well as the bottom

of the conduction band, should be described as a linear combination of

orbitals localized at the interstitial sites. Cn the other hand, the

groundstate of Si:S« has a predominant valence character. Support for

this point of view can be found from an ab initio augmented spherical

wave (ASM) calculation of the band gaps of tetrahedral semiconductors.

It was demonstrated by Rompa et al.[1S], that the [100]-minimum of the

conduction band in silicon and III-V semiconductors is associated to

the concentration of conduction electronic charge in the interstitial

region.

5.6 CONCLUSION

The 29Si ligand hyperfine interactions with 8 mirrorplane and 6

low symmetry general class neighbors were accurately determined. The

interactions involve a total of 120 neighbor sites. Although the sul-

fur pair was demonstrated in chapter 4 to have trigonal (SmsD..) sym-

metry, no trigonal hyperfine interactions were resolved. This proves

beyond any doubt the substitutional character of the pair. The very

near <11l>-axiality of the nearest neighbor interaction demonstrates

the absence of lattice relaxation. The relative number of observed

general class interactions and their magnitudes indicate an oblate

deviation from spherical symmetry for the wave function. Such a flat-

tening is consistent with the A. symmetry of the ground state, that

was proposed in chapter 4 and in reference [16].

Dynamic LCAO analysis made it possible to account fully for the

observed interactions. The non-axiality of most interactions arises

from the fact that the unpaired electron has orbital momentum with
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respect to individual nuclear sites, even though the total orbital

momentum is quenched to a high degree. The distinction between, on the

one hand, the spatial distribution of orbital momentum and, on the

other, the total orbital momentum is essential here. In static LCAO

analysis the electron localization on ligand atomic orbitals is

vnderestimated by a 7.6% of an electron for the sulfur pair.

The sulfur pair takes an intermediate position between the deep

isolated chalcogen donors and the shallow group V donors. About 80% of

the defect electron is localized on atomic orbitals, which value is

very similar to that of the isolated chalcogen centers. It is con-

cluded that the ground state has predominant valence state character.

5.7 ANGULAR DEPENDENT PATTERNS

Below angular plots of the observed hyperfine patterns are given.

The magnetic field was ca.. 814 mT and rotates in the (iTo)-plane from

the <100>-riirection (0=0) to the <110>-direction (0=90).
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CHAPTER 6

ELECTRONIC STRUCTURE OF THE PLATINUM ACCEPTOR CENTER

ABSTRACT

The negatively charged state of substitutional platinum in sili-

con is observable by electron paramagnetic resonance (EPR). The g-

tensor of the EPR spectrum (labelled Si:Pt(I)) reveals orthorhombic-I

symmetry of the center. The principal g-values, which are

g < n 0 > " 1 3 8 6 7 ' g<iT0>" 1 > 4 2 6 6 a n d g<001>" 2 0 7 8 9' r e s P e c t i v e l y . deviate

significantly from the pure spin value g-2.0023, indicating substan-

tial contributions from orbital momentum. The g-tensor data were

analysed on a model of one electron, with spin S-i/2, in an orbital

triplet state, L-1. Spin-orbit coupling and crystal field interactions

of cubic, tetragonal or orthorhombic symmetry were included in the

model. The theoretical analysis can account in a satisfactory manner

for the experimentally observed values. The electronic structure of

Pt~ is concluded to be the 5d96s6p configuration. This is consistent

with predominant bonding of platinum with two silicon neighbors and

dihedral distortion. The results are incompatible with alternative

models, such as the vacancy model or a 5d-version of the Ludwig-

Woodbury model. The orbital g-factor is reduced by about 30 % by

covalency.

6.1 INTRODUCTION

Already in 1962 the electron paramagnetic resonance (EPR) spec-

trum of platinum as a substitutional impurity in silicon was reported

by Woodbury and Ludwig {1]. In the same paper the EPR observation of

the corresponding 4d transition element, palladium, was also reported.

Earlier already, the counterpart in the 3d series of transition ele-

ments, nickel, was observed by EPR in germanium [2]. Only recently,

this impurity was detected by EPR in silicon [3,4]. The g-tensor com-

ponents of the spectra in silicon are given in table 6.1. In this
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TABLE 6.1

Principal g-values of Si:Pt~ and related centers.

Centre

V"

OV"

Ni"

Pd"

Pt"

Symmetry

2mm

2mm

2mm

2mm

2mm

g<110>

2.0028

2.0025

2.0179

1.9715

1.3867

g<110>

2.0151

2.0093

2.0532

1.9190

1.4266

g<001>

2.0038

2.0031

2.0162

2.0544

2.0789

table the g-tensor data for the negatively charged lattice vacancy [5]

and the oxygen-vacancy complex [6] are also included. A similarity

between these centers has been noted [7].

All spectra indicate orthorhombic-I symmetry, crystallographic

point group 2mm (C- ), of the corresponding center. All centers are

thought to exist in the negatively charged state. On the basis of

these observations the vacancy model to describe the electronic struc-

ture of these centers was proposed. Inspection of the data given in

table 6.1 also reveals that while the the principal g-values of the

vacancy V" and the oxygen-vacancy complex 0V~ are close to the free-

electron g-value g-2.0023, the values for nickel Ni~, palladium Pd~

and platinum Pt~ do deviate significantly from the free-electron

value. This deviation, which is greatest for platinum, may be taken as

an indication that the electrons in the d-shell of the transition ele-

ment are actively involved in determining the electronic character of

the center. The data given in table 6.1 were obtained by analysing

the spec era with the simple Zeeman spin-Hamiltonian H-/j.JJ«g«S, with

electron spin S—1/2. Even with this lowest spin the g-values for pla-

tinum were found to be smaller than 2. The amount of magnetic moment

j*=/i_g»S associated with this center is therefore quite small. This

suggests ths.t an analysis in a model with one electron or hole, the

smallest number, and correspondingly S-1/2, should be appropriate. To

account for the deviations of g from 2 orbital momentum must be

included, the smallest amount then is L-1. In the next paragraph an

analysis on this basis is presented.
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6.2 MATHEMATICAL ANALYSIS g-TENSOR

6.2.1 APPROXIMATION CUBIC

In a provisional crude approximation the center and its associ-

ated g-tensor are treated as isotropic. Spin-orbit interaction

H «gTAL«.S will couple the orbital triplet states L-1 and the spin

doublet states S-1/2 to a T ? doublet with effective spin J-1/2 and

energy -g,A> and a T_ quartet with spi-a J-3/2 and energy +gjA/2. The

g-factors for the coupled orbital and spin momentum are given by a

formula of the Lande type:

J(J+1)+L(L+1)S(S+1)
g J ~ g S 2J(J+1) 8L 2J(J+1) ' ( '

For the present case with L-1 and S—1/2 one obtains for J=l/2:

gj=4gL/3-gs/3, and for J-3/2: gj-2gL/3+gs/3. In the EPR experiment

the sign of either of the principal g-values is not determined. Taking

all principal values negative the isotropic average is

Sj=(g<no>+S<no>+S<ooi>)/3""1-6307- with the intrlnsic sP i n g-v«i«»
gg=2.0023 this leads to gL«-0.7231 for the J-l/2 doublet state. For

the other ground state, J—3/2, or for other choices of signs of g-

values, the solutions appear to be less realistic. The preferred solu-

tion as given above has both negative orbital g-factor gT and spin-

orbit coupling constant A.

6.2.2 APPROXIMATION TETRAGONAL

By inspection of table 6.1 one observes that the Si:Pt(I) spec-

trum satisfies to very good approximation the criteria for a tetrago-

nal center. A Hamiltonian to account for a crystal field of such sym-

metry is

where A represents the tetragonal crystal field. As before the

spin-orbit interaction is given by the Hamilton}an

H S Q - gLAL«S. (6.3)
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Six basis states representing the orbital triplet and spin doublet

are;

|x±>, |y±>, |z±>.

The Hamiltonian given by equations (6.2) and (6.3) on this basis takes

the form

-KX-I

-<x+|

- i<y- |

-i<y+|

-Kz+I

-KZ-j

L

-SLV>

-gLV2

III"
-gLA/2

-gLV2

The dimension of the matrix is only 3x3. The introduction of new wave

functions facilitates the solution. One thus defines:

- |x±>-i|y±>)/72,

0+> - |z±>,

-±> - (+|x±>-i|y±»/72.

(6.4)

The eigenstates form three Kramers doublets, which are labelled by

n=1,2 and 3. It is convenient to express energies as dimensionless

quantities by the definitions £ -E /gjA and S -A /ST^- TW° of the

doublets, n-1 and 2, are linear combinations of the states defined in

(6.4)

a |±T> + b |0±>, (6.5)

with the coefficients given by

1

. 72 -, b -, (6.6)
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The corresponding energies are

The g-values are related to the matrix elements of the total angular

momentum operator ggS+g,L by

gx - 2Re<-|gsSx+gLLx|+>,

gy - 2Im<-|gsSy+gLLy|+>, (6.8)

One finds

(6.9)

9 2 ?
- -2a + 2b + 2a gT ,n n n6L

The third doublet, n-3, has parallel spin and orbital moment

|+> - |±+> (6.10)

and has energy

The g-values are found to be

( 6 1 2 )

A graphical presentation of the energies of all three doublets

is given in figure 6.1. One notes that depending on the signs of g A

and 6. each of the doublets may be the ground state. In figures 6.2

and 6.3 the parallel and perpendicular g-values of doublets 1 and 2,

respectively, are plotted. The corresponding figure for doublet n-3 is

omitted as equation (6.12) predicts g.-0 for this case, which

disagrees with the experimental value for Si:Pt(I). For a convenient

comparison with the experimental g-values a relation between g. and g,

can be derived by elimination of { from equations (6.5) and (6.6).

Figure 6.4 shows the result for the doublets 1 and 2 for some values

of the orbital g-factor g Experimental values for the spectrum
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-15-

Fig. 6.1. Energies of the three doublets as a function of the

tetragonal crystal field in units g X.

Level

Figure 6.2. Parallel («) and perpendicular (1) g-values as a function

of the tetragonal field 6 for some values of the orbital g-factor g

for doublet n-1.
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-1 0

-15 Level n = 2

Fig. 6.3. Parallel (II) and perpendicular (X) g-values as a function of

the tetragonal field 5 for some values of the orbital g-factor g.

for doublet n=2.

Levels nM,2

Fig. 6.4. Relation between the parallel and perpendicular components

of the g-tensor, g.. and g. , for some values of the orbital g-factor

g , for the doublet levels n-1 and 2. Experimental data for Si:Pt(l)

are indicated in the diagram by the symbols x.
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Si:Pt(I) are also included in this figure. The principal values of

the orthorhombic g-tensor are converted to the tetragonal approxima-

tion by putting g|1-g<001>-±2.0789 and g1-(g<110>+g<^0>)/2-±1.4067.

9,,-35
-1—

-3.0 -25 -20 -15 -1.0

-0.5

-0.6

Level n =

- -0.5

-1.0

-1.5

-2.0

Fig. 6.5. As in figure 6.2. Close-up view, with also the axial field

8 indicated, showing the fit of tl

Si:Pt(I) for *te-+O.3O2 and gL~-0.732.

5 indicated, showing the fit of the principal values of spectrum

Best agreement with physically meaningful and consistent values of

the parameters are obtained for doublet n-1 and negative values of g

and g.. The relevant region in the (g ,g.)-plane is shown on

enlarged scale in figure 6.5. The solution gives 5 =+0.302 and gj=-

0.732 for the Si:Pt(I) center. The analysis of the Hamiltonian (6.2)

contains no approximations and the reported values of the two theoret-

ical parameters, S and gT, exactly reproduces the two experimental
te Li

parameters, g^ and g^.

6.2.3 APPROXIMATION ORTHORHOMBIC

As the actual symmetry of the Si:Pt(I) center is orthorhombic it

is necessary to extend the analysis to this more general case. To the

Hamiltonian H +H an orthorhombic crystal field term is added

(6.13)

where A . is the rhombic component of the crystal field. The
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Handltonian matrix to be diagonalized is

^ x + |

-i<y+1

+<z+|

-KZ-I

-|x+>

-gLA/2

-gLA/2

*!£
-gLA/2

-te/3-rh

-gLA/2

+ jz+>

-gLA/2

-gLA/2

The reduced rhombic field is defined as S ,-A ,/gjA. The energies of

the three doublets are given by

(6.14a)

with

sl - 725 S2, - 27te te rh

(457te

The doublet wave functions now have the more general form

|-> - +a1 n

b |y+> + c |

|y-> + c
nIJ n

The coefficients in the expansion are

(6.14b)

(6.15)

(6.16a)

b - N (-1̂  + 5 ,-l+e ),n n 3 rh 2 n (6.16b)

(6.16c)
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with normalization constant N . The g-values are expressed in the wave

function coefficients by

g - + 2a2 - 2b2 - 2c2 + 4b c gT ,&x n n n n neL

- 2c2 + 4a c gT ,n n n n6L
g 2 a

g - - 2a2 - 2b2 + 2c2 + 4a b gT ,&z n n n n n°L'

. 1 7 )

-2,15 az -2.10
—i r—

-2.05 -2.00
—I

-i-130

0.015

0,01

0.005.

5 r h °

0.005.

0.01

0.015v N

0.35
0.34

0.33
0.32

0.31
0.30

0.28
0.27

gL= -0.732

0.26
0.25

H-1.35

-1.40

-145

9x.9y

-1.50

Fig. 6.6. Principal values gx, gy and gz for several values of the

crystal fields S and 5 , orbital g-factor g — 0.732. The fit for

the Si:Pt(I) spectrum for 5 -+0.302 and S -+0.007 is shown.

As in the tetragonal case, the number of theoretical parameters equals

the number of experimental g-values and the analysis of the Hamil-

tonian is exact. In the orthorhombic case the three principal g-

values g < 1 1 0 > , g < i T o > and g < 0 Q 1 > lead to unique values for 6^, « r h

and g . For the Si:Pt(I) spectrum the result is S -+O.302,
l* te

S ,=+0.007 and g •—0.732. The solution is graphically depicted in fig-

ure 6.6.
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6.3 PHYSICAL INTERPRETATION

6.3.1 VACANCY MODEL

The Si:?t(I) spectrum is interpreted as arising from a single platinum

atom, on a substitutional site in the silicon crystal, in a negatively

charged state. Several experimental observations on the spectrum,

such as its formation, stability, reorientation effects and 19SPt

hyperfine structure, support the identification [1,8]. The equivalent

centers and EPR spectra for nickel and palladium are also known

[1,3,4]. Regarding their detailed electronic structure striking paral-

lels between these transition element impurities and the negative lat-

tice vacancy have been pointed out [7]. In the vacancy model, which

was proposed on the basis of this evidence, the transition element has

a full d-shell, accommodating 10 electrons. The remaining electron

will occupy an anti-bonding orbital between two silicon nearest-

neighbor atoms. The model for the electronic configuration of substi-

tutional Pt~ is Pt(5d10)+V~. Its structure is illustrated in figure

6.7. Having a closed d-shell the transition metal impurity has little

effect on the electronic properties. Rather the electronic properties

of the center will be very much like the negative vacancy. The model

provides a natural explanation for the spin S—1/2 of all these

centers, the dihedral distortion which they have in common, and the

motional effects between orientations of distortion. All centers have,

like the vacancy, deep levels which are effective recombination

centers. In the model the unpaired electron occupies an orbital

singlet anti-bonding state. This state will be intermixed with other

states derived from the vacancy t- level by the spin-orbit interac-

tion. On this basis Lowther was able to account for the observed g-

values [9]. It is necessary to assume a spin-orbit coupling strength

comparable to the orthorhombic crystal field splitting. Actually, for

the vacancy the g-values are close to g-2, indicating effective

quenching of orbital momentum by the crystal field forces. The state

is more appropriately described by L-0. The oxygen-vacancy complex has

a very similar structure [10]. For platinum, however, the deviations

of the g-values from 2 are quite substantial. The previous analysis

has shown that these can be understood starting from L-1 and taking
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[0111

10111

[100]

(a) (b)

Fig. 6.7. Electronic structure for negative substitutional platinum

in silicon in the vacancy model, (a) Stereographic and (b) schematic

representation of the structure.

quenching by crystal fields properly into account. It is concluded

that the vacancy model does not provide the natural basis for the

electronic properties of platinum as revealed by its g-tensor.

6.3.2 LUDWIG-WOODBURY MODEL

A successful model to account for the electronic properties of 3d

transition metal impurities in silicon was proposed by Ludwig and

Woodbury [11]. In the model the substitutional impurities are fully

tetrahedrally bonded to four nearest neighbor silicon atoms, as illus-

trated in figure 6.8. For negative substitutional platinum this

leaves 7 electrons in the 5d shell. The occupation of one-electron

orbitals, both for high or low spin coupling, is given in figure

6.10(a). This scheme predicts an undistorted tetrahedral center with

orbital momentum L-0 and spin S=3/2. Such a prediction is at variance
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[011]

[100]

(a) (b)

Fig. 6.8. Electronic structure for negative substitutional platinum

in silicon in the Ludwig-Woodbury model for 5d electrons. (a)

Stereographic and (b) schematic representation of the structure.

with the conclusions derived from experiment.

6.3.3 DIHEDRAL MODEL

Intermediate between the previous cases of no or full tetrahedral

bonding, one may consider bonding to two silicon neighbor atoms. The

model is illustrated by figure 6.9. For the 5d shell 9 electrons are

left which occupy the one-electron orbital as given in figure 6.10(b).

This naturally leads to L-l and S—1/2, as was presupposed in the

analysis. The Jahn-Teller instability is lifted by the dihedral dis-

tortion. In this model the paramagnetism is associated with a hole in

the 5d shell. The orbital g-factor for this case gives a theoretical

g --1, comparing favorably with the value g,— 0.732 obtained from the

analysis. The difference can be related to some covalent delocaliza-

tion of the hole. For a free platinum ion in configuration 5d9 the
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1011)

[011]

[100)

(a) (b)

Fig. 6.9. Electronic structure for negative substitutional platinum

in silicon in the dihedral model, (a) Stereographic and (b) schematic

representation of the structure.

spin-orbit constant 1—418 meV is estimated from the optical spectrum

[12]. With this value one calculates A^ -+O.3O2gTA-+92 meV andA -+0.302gTA-+92
C6 La

A =+0.007g A-2.2 meV.

6.4 CONCLUSION

The paramagnetism of the negative substitutional platinum impurity in

silicon is related to one hole in the shell of 5d electrons. An

analysis taking into account crystal fields and spin-orbit interaction

is given of the g-values observed in electron paramagnetic resonance.

The orbital g-factor associated with the hole is slightly reduced by

covalency. Two electrons are used to bind the platinum to silicon

neighbor atoms, consistent with the orthorhombic symmetry of the

center.
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t2 states HI

e states fill

Conf igurat ion 5 d 7 5<j9

( 6 s 6 p 3 ) (6s6p)

Orb i ta l momentum L = 0 |_ - 1

Spin S--3/2 S--Y2

Fig. 6.10. Occupation of the one-electron levels derived from the 5d

orbitals in tetrahedral symmetry by (a) 7 electrons in the fully

tetrahedrally bonded model, and (b) 9 electrons for bonding with 2

silicon neighbor atoms.
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CHAPTER 7

THE ELECTRONIC STRUCTURE OF PLATINUM, PALLADIUM AND NICKEL IN SILICON

ABSTRACT

Magnetic resonance studies on Si:^5pd- and Si:^%i~ are reported.
The observations provide evidence for the transition metal to be a
substitutional d^-ion, bound to two Si neighbors. With this model
recently the g-values of Si:Pt~ were explained. We here propose
this model for Si:Ni~, Ge:Ni~, Si:Pd" and Si:Pt~. Also, we report
the identification of Pt(II) as PtFe~ and the observation of its
analogue PdFe~.

7.1 INTRODUCTION

Ludwig and Woodbury reported an electron paramagnetic resonance (EPR) study
on Ge:Ni" [1], and also studied Si:Pt~ and Si:Pd" [2] by EPR. From the depen-
dence of the EPR intensity on the concentration of compensating donors it was
concluded that Ge:Ni is a double acceptor, while Si:Pt and Si:Pd are single
acceptors. Recently, the analogous Si:Ni~ was discovered [3], In order to
explain the orthorhombic (2mm) symmetry, common to these centers, the vacancy
model was proposed [4] , in which these centers are thought to be closed shell
atoms, situated in a negatively charged lattice vacancy. However, the vacancy
model cannot account for the very anisotropic g-tensor of Si:Pt~, which is
nearly <001>-axial with g||—2.0789 and gjj=1.4. Ammerlaan and van Oosten [5]
recently proposed the dihedral model, explaining the Si:Pt~ g-values.

In this contribution we first briefly review the dihedral model. Then we
present new results on Si. 'Ni~ and Si. ^>->Pd~ that provide evidence for open d-
shell paramagnetism in these centers as well. Consequently, we propose that
Si:Ni~, Si:Pd~ and Ge:Ni" have the dihedral structure in common with Si:Pt:~.

Also, we report the identification of the trigonal Pt(II) center as a PtFe
pair. The palladium analogue of this center, PdFe", is reported here for the
first time.
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7.2 THE DIHEDRAL MODEL FOR Si:Pt"

The dihedral model is based on the idea that the low value of gj_ of Si:Pt"
indicates the presence of orbital momentum in the center. It assumes the simple
case of an electron spin S=i/2 interacting with an orbital momentum L=1 . The
orbital momentum is coupled to an orthorhombic crystal field. The hamiltonian is

2 2 2 2 -> -+
H = A (•=- L ) + A , (L - L ) + Ag,L«S

te X3 z' rh v x y' &L (7.1)

This hamiltonian is diagonalized and expressions for ^ are derived in terms of
the three parameters A t e, Arh and g^. The spin-orbit parameter is obtained from
atomic data. The experimental g-values are obtained for gL=-0.732, Ate-+92 meV
and Aj-jj-2.2 meV, with A=-418 meV. This compares favorably with the case of a
hole in a 5d-T2 state, for which gs=+2.0023 and gL=-1. An electronic structure
consistent with this picture is substitutional Pt~ in the 3d^ configuration,
bound to only two out of four Si ligands, with the remaining two Si ligands
forming a reconstructed bond.

It is natural to extend the dihedral model to Ge:Ni~, Si:Ni~ and Si:Pd~.
However, the g-values of Ge:Ni", Si:Ni" and Si:Pd~ are much less anisotropic and
do not provide sufficient evidence for the presence of orbital moment in the
ground state. It will be seen below that such evidence comes from the nuclear
Zeeman interaction.

7.3 EPR AND ENDOR OF Si:Pd"

Spin resonance of the Si:Pd~ center was first observed by Woodbury and
Ludwig [2]. Perturbation theory was inadequate for the description of the 0̂!5
(1=5/2, q-0.8'10"24 cm2) hyperfine structure.

in
t—

z

(7)z
UJ

i
-4 -2 0

MAGNETIC FIELD (mT) •

Fig. 7.1. The Siiiospd" (93.8 X) EPR
spectrum: a) B//<001>, b.c) B//<110>



- 106 -

We diffused natural and enriched (93.8% 105Pd) palladium into n(P) type
crystals of 1 ftcm room temperature resistivity. The treatment took 16 hours at
1200 °C and was followed by quenching in water. The EPR intensity improved if
palladium and iron were diffused together. Codoping with iron enriched up to
95% 5?Fe did not result in any splitting or broadening of the Si:Pd~ spectrum.
Therefore, this interesting effect may not be taken as evidence for the incor-
poration of iron in Si:Pd~.

The EPR spectrum (see figure 7.1) has an involved hyperfine structure wich
line crossings. The line intensities are angular dependent and for some mag-
netic field directions forbidden lines appear. The nuclear interactions influ-
ence the allowed transitions only through higher order mixing of quadrupole and
hyperfine effect [6]. The forbidden transitions show first order effects. This
allows a good determination of the quadrupole effect from EPR.

105pd ENDOR was observed over a range of frequencies from 0 to 55 MHz. The
ENDOR intensity was angular dependent, being strongest in the <001> direction.
An example of an angular pattern for the defect orientations with the two-fold
axis in the (lO)-plane is shown in figure 7.2. The splitting in two curves is a
result of the Zeeman interaction with the 105pd nucleus, which has ĝ /ijj/h=1.97
MHz/T [7]. From the fact that the patterns cross the nuclear g-tensor can be
seen to be very anisotropic in this case. This is remarkable, as £pj is usually
purely isotropic. Both the EPR and the ENDOR spectrum can be described with the
spin hamiltonian

H = MgB'g'S -pNB.gN.I4 S.A.I + I-Q-I, (7.2)

with S-l/2 and 1=5/2. For the parameter values, given in table 7.1, the experi-
mental and theoretical line positions never differed by more than 20 kHz c.q.
20^T. Also the line intensities are correctly predicted. A computer fit to the
ENDOR data was not possible for gjj fixed to the literature value.

Table 7.1. Spin hamiltonian

interaction

electronic Zeeman
nuclear Zeeman
hyperfine
quadrupole

tensor

g
SN
A

Q

parameters of Si:

zz
2.05510(4)
1.965

19.279
-12.795

105Pd-

XX

1.94531(4)
-0.094
35.558
6.3975

0
-2
-0
-9

xy
.02628(2)
.011
.448
.446

unit

MHz/T
MHz
MHz

The anisotropy of gjj cannot be explained within the vacancy model. Notably,
the 170 ENDOR of Si:OV~ [8] could be described using an isotropic nuclear g-
value close to the literature value. A likely explanation is the mixing of
nuclear spin with orbital moment through orbital hyperfine interaction. Such an
effect is similar to the spin-orbit mixing resulting in electronic g-shifts.
Although a quantitative analysis is required, it seems safe to conclude that
orbital momentum is present and that the Pd atom is in an open shell configura-
tion. In the conventional LCAO analysis [9], using the value Ac=O460 MHz and
Pd=188 MHz [10], the hyperfine interaction yields 2.1% s- and 10.1% d-electron
localization on the Pd site. The observed quadrupole interaction, on the other
hand, would require some 50% d-electron charge at the Pd site. Therefore, a
highly non-tetrahedral valence charge distribution must also be present. Con-
trary to the vacancy model, the dihedral model provides just such a valence
charge distribution.
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Fig. 7.2. 'ospd ENDOR for defects Fig. 7.3. EPR spectrum of Si:61Ni"
with the twofold axis in the (110)- (88.1 Z) for defects with the twofold

axis in the (HO)-plane. a)
b,c)

plane.

7.4 EPR OF Si:Ni~

EPR studies were made on Si doped with nickel enriched to 88.1% 61NJ.. The
silicon starting material was of n(P) type with 8 Ocm room temperature resis-
tivity. The diffusion was performed at 1200 °C during 16 hours and followed by
quenching in water. The EPR spectrum (figure 7.3) showed fourfold splitting,
proving the presen .- of a ° Ni nucleus (1-3/2) in the center. The resulting
parameters are shown in table 7.2, with the parameters of Ge:^Ni~ from refer-
ence [1]. The data show that the two centers have the same structure.

Table 7.2.
center

Si:61Ni-

Ge:61Ni"

Spin hamiltonian parameters of Si:
tensor

g
gN
A
Q
g
A

zz

2.0163
-2.5
-1.0
-2.4
2.0294

£4.8

XX

2.0359
— 1.4
38.8
1.2
2.0651
33.8

61Ni" and Ge:(

xy
0.0177
3.7
-1.2
3.3
0.0475
-2.9

}1Ni~ [1]
unit

MHz/T
MHz
MHz

MHz
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The EPR fit significantly improved when the anisotropic 'gjjj from table 7.2
was substituted for the isotropic value of 3.81 MHz/T [7]. The hyperfine
interaction has similar features as for the case of Si.-^^Pd". With Ac=2499 MHz
and Pd=376 MHz [10], one finds 1.0% s- and 12.4% d-electron localization on the
Ni atom. The quadrupole effect would require a d-electron localization of ca.
16%, indicating a smaller valence charge imbalance than was found for
Sj.lO5p,j-. Again the experimental data provide support for the dihedral model
over the vacancy model.

7.5 EPR IDENTIFICATION OF PtFe AND PdFe

Platinum diffusion was carried out under the same conditions as for palla-
dium. Without codiffusion of iron, only the EPR spectrum of Si:Pt" was
observed. If iron was codiffused, the Si:Pt~ spectrum was no longer present,
but instead strong EPR due to the trigonal Pt(II) center was observed. This
center was speculated to be oxygen related [2], The spectrum showed the large
hyperfine satellites due to interaction with the 33.7% abundant ^ 5 p t nucleus
(1=1/2). Upon codiffusion with iron enriched to 95% ^ F e , a w exi resolved
splitting was observed, proving the presence of a single 57Fe nucleus (1=1/2) in
the center. A similar trigonal spectrum was observed in palladium diffused cry-
stals. It showed an analogous ->7Fe hyperfine splitting. Due to the low inten-
sity, the complicated 105p<j (1=5/2) hyperfine structure could not be analyzed.
Both centers have very similar parameters (see table 7.3) and are most likely
nearest neighbor pairs. A simple LCAO analysis yields 22.3% d-electron locali-
zation on the Pt and 21.5% on the Fe site, indicating that both atoms are
paramagnetic.

Table 7.3.

tensor

g
A
A-57Fe

Spin hamiltonian

195Pt57Fe-

XX

2.0884 -0
280 94

6.3 6

parameters

xy
.0380 2

.0 ~6

of Si:PtFe~

Pd57F<

XX

.0727

e

-0

~6

and Si

xy
.0160

:PdFe~

unit

MHz
MHz
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CHAPTER 8

THE NEGATIVELY CHARGED PALLADIUM ACCEPTOR IN SILICON

ABSTRACT

The negatively charged acceptor Si:'0SPd~ was studied in detail by

both EPR and '<>5Pd ENDOR. The EPR and ENDOR spectra display a compli-

cated structure, with angular dependent line intensities and hyperfine

line crossings. The presence of strong 'forbidden' lines for various

orientations of the magnetic field allows the determination of nuclear

interactions directly from EPR. The '°spd ENDOR spectrum displays line

crossings that reveal a very anisotropic nuclear Zeeman interaction.

The experiment demonstrates a close connection between Si:Pd~ on the

one hand, and Si:Ni~ as well as Ge:Ni~ on the other. The observations

are evidence of a partly occupied 4ds hole orbital and are consistent

with the model of a substitutional palladium atom covalently bound to

two of its four silicon neighbors.

8.1 INTRODUCTION

The chemically analogous late transition elements (TE) palladium

and platinum form acceptor centers in silicon [1], that are paramag-

netic in the negative charge state. An analogous center in germanium

formed by the chemically equivalent late 3d-element nickel [2] had

been reported even earlier. Recently, the quite similar nickel accep-

tor in silicon was discovered by Vlasenko et al. [3,4].

A detailed study of the nickel, palladium and platinum acceptor

centers is of considerable interest. The centers most likely incor-

porate only one transition metal, but yet have lower than cubic sym-

metry. The palladium and platinum acceptors are the only known exam-

ples of simple 4d- and 5d-centers accessible by magnetic resonance.

They provide a unique opportunity to study the analogies and differ-

ences between 3d-, 4d- and 5d-impurities in silicon. Technologically,

palladium and platinum are important for the fabrication of Ohmic
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contacts. Experimental data on late transition elements are rare,

even for the 3d-series. In the periodic system nickel, palladium and

platinum precede copper, silver and gold, which form various techno-

logically important impurity centers of unknown electronic structure.

These elements also form acceptor centers in silicon [5,6], which may

have a similar electronic structure as the nickel, palladium and pla-

tinum centers.

Palladium and platinum presumably are single acceptors whereas

nickal appears to be a double acceptor in both silicon [4] and ger-

manium [2]. All centers have orthorhombic symmetry in common with the

negatively charged vacancy V~ [7] and the oxygen-vacancy complex 0V~

[8] . Another feature common to the late TE-acceptors and V~ is EPR-

resolved nearest neighbor ligand hyperfine structure. The late TE

acceptors have spin S=i/2, which simply means that the orbital degen-

eracy is completely lifted by the orthorhombic crystal field. The g-

anisotropy is, however, much larger for the late TE-acceptors than for

V~ or 0V~. Figure 8.1 shows the angular dependent patterns of Ni~, Pd"

and Pt" for a microwave frequency of 23 GHz.

For palladium an acceptor level is reported at 0.24 [9] or 0.22

eV [10] below the conduction band. For nickel an acceptor level at

E -0.38 eV is reported in the literature [11,12]. Armelles et al. [6]

observed hole transitions from the ground state to T- valence band

related excited states for Pt°. Apart from an overall shift, the

infrared absorption spectra were completely similar to the spectra of

Au° and In0. The Pt ionization energy was found to be E +0.931 eV. A

definitive identification of the acceptor level to the Pt" EPR center

was made by photo EPR [13].

The electronic structure of the lighter transition elements Ti

through Fe in silicon is successfully described by the Ludwig-Woodbury

model [14]. This model cannot describe the late TE acceptors, since

it predicts a 3d7 configuration for substitutional Ni~, Pd~ and Pt~,

which is a half-filled t« triplet with spin S-3/2, orbital moment L-0

and g-2. This corf iguration is complementary to the interstitial 3d3

configuration of Ti + [15] and V 2 + [16].

A model for elements near the end of the d-series has been pro-

posed by Watkins [17]. In this model, the transition atom has a com-

pletely filled d-shell. It is situated in a negatively charged vacancy
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Fig. 8.1 The angular dependent g-patterns of the TE acceptors Pt~, Pd~

and Ni~ in silicon for a microwave frequency of 23 GHz. 9 is the

angle between the magnetic field and the <001>-direction in the

(liO)-plane of rotation.
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without covalent bonds to any of the neighboring silicon atoms. The

paramagnetic electron is thought to reside in the V~ b. orbital, which

is an antisymmetric combination of two dangling bond orbitals. The

model accounts for the properties common to the late TE acceptors and

V~. The vacancy model is proposed not only for Ni", Pd" and Pt~, but

also for Cu°, Ag° and Au°. However, the model does not explain the

very large g-anisotropy of Pt~.

In chapter 6 a different model for the Pt acceptor was proposed

[18]. In this model a substitutional Pt atom is in a 5d9 electronic

configuration and has covalent bonds with two of its silicon neigh-

bors. The two other silicon neighbors form a reconstructed bond. The

effective orbital moment L-1 of the t. hole orbital is subject to an

orthorhombic crystal field and has spin-orbit interaction with the

electronic spin S-1/2. The dihedral model explains both the observed

symmetry and the very anisotropic g-tensor.

The acceptors Pd~ and Ni~ have less significant g-shifts than

Pt". In order to see whether the dihedral model also applies to Pd",

a magnetic resonance study was made of J0SPd". Hyperfine and quadru-

pole interactions with spinning nuclei contain detailed information

about the spin and charge distributions and provide important clues

for the unraveling of the structure of a defect. The properties of

the stable, spinning nuclei 195Pt, '°spd and 6 1Ni, as given by Fuller

[19], are summarized in table 8.1,

Nuclear properties of

TABLE 8.1

'°spd and 6'Ni [19,20,21].

quantity

abundance

I

gN
gN^N/h

q

isspt

33.7

1/2

+1.2044

9.181

22.23

5/2

-0.257

-1.957

+0.8

•iHi

1.25

3/2

-0.4999

-3.810

+0.126

unit

%

MHz/T

barn

The listed values of the quadrupole moment are not corrected for the
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Sternheimer anti-shielding [22] effect due to core electron quadrupo-

larization and will be used in the analysis under the assumption that

the shielding is insensitive to the chemical environment (rigid core

assumption).

8.2 EXPERIMENTAL DETAILS

The starting material was dislocation free, floating zone melted,

phosphorus doped n-type silicon of various phosphorus content. The

optimal Pd~ EPR signal was obtained with n-type crystals with a room

temperature resistivity of 1 flcm. The crystals, measuring 2x2x12 mm3,

were ground and subsequently rubbed with high purity palladium metal.

The Pd~ EPR signal was improved by 50 to 100 %, when two sides were

rubbed with palladium and the two other sides with high purity iron

metal. For the study of the nuclear interactions with the 'ospd

nucleus, which has a natural abundance of 22.23 %, palladium metal

enriched to 93.8 % '°spd was used. The Pd~ EPR signal showed no sign

of additional splitting or even line broadening, if iron enriched up

to 95 % in the isotope S7Fe, which has a natural abundance of only 2.2

X and a nuclear spin of 1/2, was used. For this reason, and also

because the EPR spectra of Ni~ and Pt~ are not enhanced by codoping

with iron, the participation of Fe in the Pd~ acceptor can still be

excluded. Instead, it is likely that the presence of Fe in the cry-

stal enhances the conversion of the presumably interstitially diffus-

ing Pd into a substitutional defect. Defect reactions of Fe with Pd do

however also occur, as demonstrated by the observation of the trigo-

nally symmetric FePd pair reported in chapter 7.

The samples were sealed in a quartz ampoule under an 0.2 bar

argon atmosphere, in order to prevent implosion. It was then kept at a

temperature of 1200 °C in a conventional resistance oven during typi-

cally 16 hours. After the diffusion treatment the entire ampoule was

quenched in water. By grinding and wet etching a layer of 100 pm was

removed and the sample was stored in liquid nitrogen prior to the

experiments.

The magnetic resonance experiments were performed on a heterodyne

K-band spectrometer, operating between 22.5 and 23.5 GHz. The magnetic

field was modulated at 160 Hz and a cylindrical cavity was used. The
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cavity wall at the same time formed a radio-frequency coil of 5 turns

by the presence of a spiral groove. ENDOR measurements were achieved

by unmatched application of a radio-frequency voltage of 10 V, chopped

at a rate of 3 Hz, to the cavity wall. Temperatures between 1.5K and

room temperature can be obtained by the combined action of a resistive

heater element mounted on the cavity and helium gas making contact

with a helium bath. The magnetic field can be kept constant to within

1 fiT over a range of 0.13 to 1.67 T. The field can be rotated in a

horizontal plane, while its orientation is monitored with an accuracy

of 0.01 degree. High precision magnetic field control is a crucial

requirement for EPR and ENDOR measurements on very anisotropic spec-

tra. Random variations in the magnetic field magnitude lead to noise

increase due to variation of the Zeeman frequencies. High reproduci-

bility of the magnetic field orientation is needed in order to reduce

the scatter of the measurements to a value sufficiently smaller than

the linewidth.

8.3 THE ">spd- EPR AND ENDOR SPECTRA

The Pd" EPR spectrum was observed at an optimum temperature of

about 5 to 6 K. The resonance intensity was observed to be extremely

sensitive to accidental external stress. Therefore it was not possible

to fix the sample crystal on a copper footing, as is the usual pro-

cedure, and it was only loosely positioned in a teflon sample holder

during the experiment. Extreme care had to be taken to prevent small

accidental changes in crystal orientation during the measurement of

the EPR and notably the ENDOR angular dependence. Also the (iTo)-axis

of the crystal was not entirely normal to the plane of magnetic field

rotation, so that the resonances due to defect orientations that a::e

not normal to or in this plane, did not coincide.

The Pd defect has orthorhombic (2mm or C- ) symmetry. From now

on the defect will be assumed to have its two-fold axis along the

<001>-direction, unless specified otherwise. It has two inequivalent

mirrorplanes, namely the (110)- and the (HO)-plane. The palladium

isotope ">spd has nuclear spin 5/2 and therefore one would expect a

six-fold equidistant hyperfine pattern, with each line having 15.6 X

of the total intensity, in addition to the 6.2 X intensity single line
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due to spinless isotopes. Such behavior is usually observed for cubic

centers, in which case a perturbative spin Harailtonian analysis is

applicable. The observed spectrum of '0SPd~, however, deviates

strongly from first order behavior.

(0
c
CD
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a.

UJ
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- 4 - 2 0 2 4 6

EPR splitting (mT)

Fig. 8.2 The EPR spectrum of Si:Pd~for B aligned along the three main

directions of the center: a) B//<001>, b) B//<10> and c) B//<110>.

The hyperfine structure is highly irregular, especially for spectrum

c. The spectrum displays strong angular intensity variations and

Experimental EPR spectra of i°spd- for t h e magnetic field B

parallel to the three main directions of the defect, <001>, <iTo> and

<110>, are shown in figure 8.2a-c. It has a complicated hyperfine

structure with 'forbidden' lines appearing for various field direc-

tions. For B along the <00Indirection (figure 8.2a), the inner hyper-

fine lines coincide with one another and with the spinless line. For

B//<iTo> (figure 8.2b) the six-fold splitting is resolved, but still

far from equidistant. For B//<110> the spectrum is even more exotic.
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Many lines appear and the six-fold splitting is no longer visible. For

this case, evidently, electron spin and nuclear spin are strongly

mixed. The usual EPR selection rules, Amg=±1 and Anij-O, which restrict

the number of transitions to 2m •(2mT+1), are no longer valid and many
O 1.

transitions acquire sizeable matrix elements. The low intensity

structure in figure 8.2c is due partly to 29Si ligand hyperfine

interaction and partly to 'forbidden' transitions.

The complexity of the spectrum is also evident from figure 8.3,

which displays the full angular dependence of the spectrum. Figure

8.3 was obtained from a simulation on the basis of the analysis to be

described in the next section. Only points with a relative intensity,

to be defined below, in excess of 0.2 were incorporated. In the figure

the numbers 1 to 4 are assigned to the four inequivalsnt orientations.

Figure 8.4 shows the angular dependence of the hyperfine splitting in

detail. It is a simulation with the same intensity threshold as in

figure 8.3. The hyperfine structure shows several crossings. The

hyperfine splitting of orientation 1 was not experimentally resolved.

ENDOR lines were observed in the frequency range of 2-55 MHz. Fig-

ure 8.5 shows an example of a recorder scan for (the projection onto

the (1:10)-plane of) B//<100>. The more intense resonance belongs to

orientation 3, the weaker to orientation 4. The splitting here is of

second order in the mlsorientation angle and is only resolved because

of the large ratio of the anisotropy to the llnewidth of only about 5

to 7 kHz. Figure 8.6 shows the spectra observed in the frequency range

from 10-35 MHz. Resonances observed for B close to the <001>-direction

at about 49 and 53 MHz are included in the analysis of the next sec-

tion, but are not shown in the figure. The ENDOR intensities are

strongly angular dependent. For B near <100> (9-0 °), the resonances

were very intense, amounting to 1 % of the EPR intensity for a single

transition. The intensities weakened as B was turned away from <100>.

For orientation 3 the resonances could be observed for all magnetic

field orientations, whereas the resonances belonging to orientation 4

were lost in the noise between #-10° and 0-20°. A remarkable feature

displayed in figure 8.6 is the crossing of the resonances at 0-32° and

i/=21 MHz.
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Fig. 8.3 Angular dependence of the i°sPd~ gPR spectrum. 6 is defined

as in figure 8.1. Resonance curves are only shown in the range where

the relative intensity exceeded a threshold value of 0.2. The

microwave frequency was 23.151 GHz.
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Fig. 8.4 Angular dependence of the hyperfine patterns for the four

inequivalent orientations, as simulated for a perfect crystal

orientation. The figures 8.4a-d give the orientations 1-4. 6 is

defined as in figure 8.1.
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Fig. 8.5 ENDOR spectrum for the projection of B onto the rotation

plane parallel to <001>. The weaker resonance belongs to orientation

3, the stronger to orientation k. The splitting is a second order

effect of the crystal misorientation.

8.4 SPIN HAMILTONIAN DESCRIPTION

The analysis of the spectrum started out from the spin Hamil-

tonian

H - (8.1)

with S-1/2 and 1-5/2. The common procedure is to estimate the hyper-

fine interaction from a first-order approximation, using an - isotro-

pic - literature value for the nuclear g-factor. One ascribes the

observed lines to transitions with Am «±1 and Am T-0 and easily estab-
o JL

lishes the order of the levels between which the transitions take
place. The differences between the corresponding eigenvalues of the
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Fig. 8.6 Angular dependence of two '°spd ENDOR transitions. A

remarkable feature is the crossing at 0-30° and 21 MHz. 0 is defined as

in figure 8.1.

spin Hamiltonian are then fitted to the observed resonances by varying

g and A.

In the present case first-order perturbation theory is clearly

inadequate. It would be a formidable task to perform the computer

fitting procedure for all possible level orderings and, moreover,
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level crossings may occur as a function of magnetic field orientation.

A computer procedure, that can solve the general EPR case by taking

the transition probabilities into account during the parameter search,

is conceivable, but not available at present. Without such a program

the problem is intractable without at least a rough estimate of the

spin Hamiltonian parameters. Such an estimate was made by the follow-

ing study of the forbidden lines.

An estimate of the eigenvalues of the Hamiltonian (8.1) is

E - MgBgnig - MjjBgjjHij + Amgnij. + Qnij ( 8 . 2 )

where g, g A and Q are effective values for the magnetic field

direction considered. Since six resonances are visible at all magnetic

field angles, these are most likely to be the Am-.-0 transitions, which

identifies the continuous patterns in figure 8.3. The splitting

between the outer lines is estimated to be 5A from (8.2). From the

experimentally observed outer line splittings, A can be estimated for

the three main directions. The quadrupole effect mixes only states

with Am £2, since it is of second order in I. Transitions with Am ^0

are predominant for B//<110>, but fully absent for B//<iTo>. For

B//<001> such lines are visible, but weak. Since Q is traceless, the

latter data can be discarded. The EPR transitions with Am -+1 occur

at

1-1/2, -5/2> - | + l/2,-3/2> : hi/ - g^B T g^jjB * 2 A +• 4Q , (8.3)

|-1/2,-3/2>- |+1/2,-l/2> : hr - g^B T g ^ B T A T 2Q ,

|-1/2,-l/2> - |+l/2,+l/2> : h ^ - g ^ B

: hi/ - g/if iBT gN/*NB± A ± 2Q ,

|-1/2,+3/2> - |+1/2, +5/2> : h./ - gpfiB T g ^ B ± 2 A + 4Q .

The splitting between the outermost resonances is 4A+8Q. Transitions

With Am.-±2 are estimated to occur at
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|-1/2,-5/2> •+ 1+1/2, -l/2> : hv -

- 1+1/2,+V2> :

3/2 A T 6Q , (8.4)

1/2 A T 2Q ,

± 1/2 A ± 2Q ,

B ± 3/2 A ± 6Q .

The maximum splitting of the lines is 3A+12Q. For B//<110> the exper-

imental splitting of the Am^O lines is rather larger than of the

Am =0 lines. Therefore, it is assumed that Q is so large that

3A+12Q>AA+8Q>5A for this field direction. For the 3//<"no> n o Am *0

lines are observed, and Q is assumed to vanish for this field direc-

tion.

TABLE 8.2a

Observed pattern splittings of the Anij-0 and Am -2 transitions

direction

<001>

<110>

effective

A

A
zz

A -A
xx xy
A +A
xx xy

interaction

Q

Qzz

TCX ^cy

Am-0

3

6.6

2.3

splitting

Am-2

0

8

unit

mT

mT

mT

Tables 8.2a-b list the experimental splittings and the estimated

interactions for the main directions. The value for Q is obtained by
zz J

setting the trace to zero. For g-2 a splitting of 1 mT is equivalent

to 28 MHz. Using these results, the electronic g-values from the 1-0

spectrum, and the nuclear g-value from table 8.1, the EPR spectrum was

simulated by diagonalization of expression (8.1) and subsequent fit-

ting of each transition energy to the experimental Zeentan splitting by

variation of B. In spite of the crudeness of tha estimate, the simu-

lated spectrum displayed all of the experimentally observed features.

Once the observed resonances were identified with transitions between

levels of well determined order, a computer fit to the EPR data was
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TABLE 8.2b

Estimate of A and Q from observed pattern splittings

element

zz

XX

xy

A

17

25

-12

Q

-15

7

-7

.5

.5

unit

MHz

MHz

MHz

made. The nuclear g-tensor was kept fixed during the parameter search

at the isotropic literature value given in table 8.1. The next step

was to simulate the ENDOR spectrum in order to identify the observed

resonances with transitions between the levels of Hamiltonian (8.1).

The observed interactions were indeed reproduced except for the cross-

ing of two ENDOR transitions at 0=30° and 21 MHz. This feature can

only be explained by a strongly anisotropic nuclear g-tensor.

Attempts to explain the crossing by inclusion of higher order terms of

the form SI3, BSI2 and BI 3 in the spin Hamiltonian failed. Higher

order terms did not improve the quality of the fit significantly.

Table 8.3 lists the results of the spin Hamiltonian fitting pro-

cedure. For comparison, also the parameters of the other three late

TE-acceptors '9spt- [•]]_ 6iNi" [23] and Ge:6'Ni" [2] were included.

The overall sign of parameters was not determined in the experiment,

but In the table *g is taken positive. The relative sign of X was not

determined for Pt~ in reference [1], but was assumed negative since

the 19SPt nuclear moment differs in sign from the moments of tospd ancj

6 1Ni. The relative sign of the xy-elements is not determined, which

means that the <110> and <110> directions can be interchanged.

With the value for g from table 8.3 also the EPR fit signifi-

cantly improved. In the final fit the experimental and theoretical

line positions never differed by more than 20 /*T for the EPR and 20 kHz

for the ENDOR. The residual scatter in the EPR fit is therefore sub-

stantially smaller than the linewidth of 0.25 mT. For the ENDOR the

residual scatter exceeds the linewidth because of the large aniso-

tropy.
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TABLE 8.3

Spin Hamiltonian parameters of

1 9 SPt~ [1], '<>spd~, 6 INi" [23] and Ge:81Ni~ [2]

interaction

«-+

s

%

A

Q

parameter

XX

zz

xy

XX

zz

xy

XX

zz

xy

XX

zz

xy

195pt-

1

2

0

-381

-496

-55

.4067

.0789

.0200

.8

.8

lospd"

1.94531(4)

2.05510(4)

0.02628(2)

-0.094

1.965

-2.011

35.558

19.279

-0.448

6.3975

-12.795

-9.446

6iNi-

2.0359

2.01oi

0.0177

— 1.4

-2.5

3.7

38.8

-1.0

-1.2

1.2

-2.4

3.3

Ge:61Ni~

2.0651

2.0294

0.0475

33.8

£4.8

-2.9

unit

MHz/T

MHz/T

MHZ/T

MHz

MHz

MHz

MHz

MHz

MHz

The unusually complex EPR behavior is seen to result from the

competing influence of, on the one hand, the very anisotropic, '°5Pd

hyperfine interaction, and, on the other hand, a strong, purely aniso-

tropic interaction with the large 'ospd nuclear electric quadrupole

moment. The hyperfine interaction is nearly <001>-axially symmetric.

The quadrupole interaction is far from axial symmetry. The crossing

of the ENDOR curves reflects the effect of the very anisotropic,

nearly <110>-axially symmetric, nuclear Zeeman interaction. When B is

turned from <001> to <110> gN goes from 1.965 MHz/T to -2.105 MHz/T. On

the other hand, when B is turned from <001> to <110> g is nearly con-

stant, varying only from 1.965 to 1.917MHz/T. A similar nuclear g-

anisotropy is displayed by 6 INi~ [24], Nuclear g-shifts originate

from the admixture of electronic orbital moment to nuclear spin

(reference [25], p. 749), in much the same way as an electronic g-

shift results from spin-orbit coupling. An anisotropic nuclear g-value
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was reported in an EPR study of the iron-related center NL19 [26]. A

strong isotropic nuclear g-shift of holmium has been reported in an
2+

EPR study of the cubic center CaF.:Ho [27]. The unusual effect was

attributed to an admixture of the r_ excited quartet state to the T,

doublet ground state through orbital hyperflne interaction. To the

knowledge of the author this is the first observation of s.n anisotro-

pic nuclear Zeeman interaction in ENDOR. The observed nuclear Zeeman

anisotropy of both 10SPd" and 6 1Ni" demonstrates the (near) orbital

degeneracy of the unpaired charge-carrier at the transition atom.

If the EPR is Zeeman-induced, theoretical values for the relative

line intensities can be obtained from the squared matrix elements of

the perturbation Hamiltonian

H1 - /*BVg'S (8.5)

between the eigenvectors of Hamiltonian (8.1). Here B.. is a 1 mT field

pointing in the <iTO>-direction, along which the microwave magnetic

field was oriented in the experiment. Figure 8.7a-d displays the angu-

lar dependence of the theoretical line intensities. The intensity of a

transition with g—2 is set to unity. Figure 8.8 shows a simulation of

the EPR spectrum for the three main directions analogous to the exper-

imental spectra of figure 8.2. At the calculated resonance positions

Gaussian lines were plotted with the experimental full width at half

maximum of 0.25 mT and the theoretical intensities. Except for the

29Si ligand hyperfine structure figure 8.8 accurately reproduces fig-

ure 8.2.

The fact that the matrix elements of H.. accurately reproduce the

observed line intensities is not only a convincing evidence of the

correctness of the spin Hamiltonian analysis, but also demonstrates

the fact that the EPR is magnetic dipole induced. If the EPR were

electric dipole induced, a very different angular dependence would be

observed, since the orientation of the microwave electric and magnetic

fields in the cavity are very different. Cases of electric dipole

induced EPR are known from the literature [28]. Furthermore, it

proves that the relaxation rate is independent of the magnetic field

orientation. Examples of centers in silicon that have angular depen-

dent electron paramagnetic relaxation rates are the sulfur pair, dis-

cussed in chapters 4 and 5, and the transition metal pairs FePt and
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Id)

Fig. 8.7 Angular dependent line intensities, as calculated from

equation (8.4.5). The figures 8.4a-d give the orientations 1-4. 9 is

defined as in figure 8.1. The dominant intensities are the six AmT«0

transitions.
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Fig. 8.8 Same as figure 8.2, but now the spectra were calculated by

superposing Gaussian lines of a width of 0.25 mT, using the calculated

intensities. Structure resulting from ligand hyperfine interactions

is not included.

FePd reported in chapter 7.

The simplest assumption for the ENDOR line intensity is to take

it proportional to both the NMR and the EPR intensity. The NMR inten-

sity can be calculated using the nuclear g-tensor in the perturbation

Hamiltonian (8.5). However, the results are not in agreement with the

observed ENDOR intensities. The drastic weakening of the resonances,

that is observed when B is turned away from the <00Indirection, is

not reproduced. One concludes that the ENDOR effect itself displays a

significant angular dependence. Since the mechanism that gives rise to

the EN'JOR effect is still incompletely understood, no explanation of

the anisotropic ENDOR intensities is available at present.
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8.5 DYNAMIC LCAO ANALYSIS OF Pd~, Ni" AND Pt"

The hyperfine structure of 10SPd~ will now be described in terms

of the dynamic LCAO model introduced in chapter 2. For comparison, the

analysis of 19spt" and 6 1Ni" will also be presented. Dynamic LCAO

differs from the conventional (static) LCAO by the fact that the coef-

ficients of the atomic orbitals are allowed to take complex instead of

only real values.

The analysis was used for ligand hyperfine interactions with s-

and p-electrons. In this case there is an equal number of theoretical

and experimental parameters. The theory has one parameter for the s-

localization and six (a complex vector) for the p-localization. Since

an overall phase-factor can be freely chosen, this equals the number

(six) of experimental hyperfine parameters. In the case of d-

electrons, the complex vector u of chapter 2 should be replaced by a

3x3 complex tensor ti. When the overall phase factor is taken into

account, nine independent parameters for the d-orbitals remain. From

the observed nuclear g-anisotropy it was concluded that the nucleus

interacts with an unpaired charge carrier with (near) orbital degen-

eracy. In the spirit of chapter 6 it will be assumed that it is a hole

that partially occupies a t.-orbital. The number of parameters for the

d-orbital is thereby reduced to 5, giving a total of 6 when the s-

orbital is included. The hyperfine interaction with p- and d(t.)-

orbitals is completely analogous, except for a difference in sign.

For the present case of a d9 hole state the dynmaic LCAO descrip-

tion as presented in chapter 2 is rather crude. The analysis given

below should be regarded as preliminary and qualitative. It is, how-

ever, superior to the static analysis, since it can account for the

non-axial symmetry of the observed nuclear interactions.

Evidently, reliable values for the atomic interactions are essen-

tial ingredients of the analysis. Morton and Preston [29] calculated

atomic hyperfine data for this purpose. However, for 19sPt [26,30],

iospd [31,32] and «'Ni [20,21] more accurate experimental hyperfine

data are available from atomic beam magnetic resonance experiments

(see also reference [19]). From the reported hyperfine splittings of

the states of the 4d95s ground configuration, atomic values for the

s-electron contact interaction A , the d-hole dipole-dipole
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interaction A and the d-hole quadrupole Interaction Q, can be

derived. For Pd data on the excited 4d95p configuration are available

[31], and the quadrupole interaction with the excited 5p-orbital, Q ,

can be determined. Similar data on the nickel 3d94p configuration are

available [21], but in this reference the analysis is not carried

through to the same level. Therefore the value of the quadrupole

interaction with the nickel 4p-orbital is taken from a calculation of

the hyperfine data.

TABLE 8.4

Electron atomic hyperfine constants of 19SPt, 105Pd and 61Ni in MHz,

from references [26,31,20,21].

Theoretical values were taken from reference [29].

species

19 5pt

61Ni

quantity

experiment

theory

experiment

theory

experiment

theory

A
s

+21045

34410

-1788

-1765

-2499

Ad

+ 1110

1474

-150

-188

-281

-376

Qd

+57.3

72.2

+30.0

38.9

QP

38.5

8.5

The values obtained deviate substantially from the - more recent -

theoretical values of Morton and Preston, as is clear from the com-

parison made in table 8.4. The difference varies between 30 and 60%.

All values in table 8.4 are given for electrons. Since the hyperfine

interaction results from an unpaired hole, care must be taken to use

the correct sign.

The analysis proceeds as follows. The trace of A is related to
2

the 4s-spin density rj by

(8.6)

The tensor B was defined in chapter 2 as A-tr(A)/?. Adapting equation

2.18 to the case of t. orbitals, one finds
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2 2 .
7"dAd 0

0

0 0
3sin2a-1 0

0 -1

(8.7)

From this the occupancy of the 3d hole-orbital is found. In the

absence of spin-orbit interaction, the quadrupole interaction of the

unpaired charge density alone is proportional to the hyperfine

interaction, since both are proportional to the expectation value

<r >. It is calculated by multiplying B by Q j / A
d
 a nd subtracted from

the total quadrupole interaction. The remaining quadrupole interac-

tion O 1 is related to the valence charge density, which is assumed

to be localized in s- and p-orbitals. Only p-electrons give rise to

quadrupole effects. After diagonalization, the 0 . takes the form

'3cos2a-1 0 0'

0 3sin2a-l 0 . (8.8)

0 0 - 1

2 2
j 5 'p p

From this equation the valence p-localization can be calculated, which

allows to conclude whether bonding occurs. Thus the quadrupole

interaction is seen to contain key information about the structure of

the defect.

The sign of the parameter tensors in the spin Hamiltonian is only

known relative to that of the g-tensor. Since this sign was not exper-

imentally determined, the overall sign of the spin Hamiltonian is not

known. Therefore the analysis was carried out for both possibilities.

The results of the analysis are summarized in table 8.5a for an

assumed positive, and in table 8.5b for an assumed negative sign of *g.

For comparison, all four acceptor centers are included. The symbols
0 0 0

r) , ij , ?j , u and Q have the same meaning as in chapter 2, where

dynamic LCAO was introduced.

For the positive choice of the sign of g the LCAO parameters of

all four centers are seen to be quite close. This choice of sign is

consistent with the g-tensor obtained in the dihedral model in chapter

6. Though the sign of *g obtained in chapter 6 was negative, it becomes

positive when the hole nature of the unpaired charge is taken into

account. The negative contact density may result from core polariza-

tion effects (reference [25], page 706). The unpaired hole localiza-

tion in the d-orbital is about 25 to 30%. The value for Pt~ is consid-

erably smaller than the value of 73.2 X obtained in chapter 6. There
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TABLE 8.5a

Dynamic LCAO hyperfine analysis of 'sspt", iosPd-> 6iNi" and Ge:
6'Ni'

assuming a positive sign of the g-tensor

quantity

unpaired

hole

valence

electron

2
1

"d
a

Reu

Im u

2

a

Reu

Im u

19Spt"

-2.18

24.34

59.4

<110>

tOSpd"

-1.69

25.32

44.2

<110>

<110>

117.3

36.5

<001>

<110>

-1.44

33.0

44.1

<110>

170.2

37.2

<001>

<110>

Ge:

-1

32

42

<1

<1

B1Ni~

.19

.0

.8

To>
10>

unit

%

O

%

o

TABLE 8.5b

As table 8.5a but assuming a negative sign of the g-tensor

quantity

unpaired

hole

valence

electron

2
1

"d
a

Re u

Imu

2

a

Reu

Imu

isspt" lospd" 61Ni" Ge:6'Ni~

2.18 1.69 1.44 1.19

29.8 13.7 18.0 19.6

38.9 13.0 13.6 20.5

<001> <001> <001> <001>

<iio> <no> <no> <no>

110.0 153.8

33.9 33.1

<iio> <no>

unit

o

o
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is only a small decrease in localization when going from the 3d-case

to the 5d-case. This finding does not agree with the theoretical

prediction made by Beeler and Scheffler [33]. The d-orbital is very

close to Id +id >, except for 19SPt", where a is larger than 45° -1 yz zx r °

or smaller if the the real and imaginary direction are interchanged.

Re u and Imu are parallel to <iTo> and <110> in all cases. For >°spd~

and 6 1Ni" the similarity is also found for the valence LCAO parame-

ters. Re u is parallel to <001> in both cases, but Im u is along <110>

for Pd~ and along <lT0> for Ni~. A p-electron valence charge is found

of 117.3% for Pd~ and 170.2% for Ni~, which is an unambiguous indica-

tion for sp-hybrid covalent bonding. The sp-character and the princi-

pal directions are consistent with the dihedral model proposed for Pt~

in chapter 6, according to which the TE-atom is bonded to two of its

silicon neighbors. For a pure sp-bond the TE-atom would be situated

on the axis connecting the two neighbors. The oxygen atom in the 0V~

center takes this position [8]. But then one would expect a to have a

value close to zero rather than the actual value close to 45°, which

is not consistent with this picture. It is tempting to interpret the

large value of a as a sign of the dynamic character of the bond. The

TE-atom would then moving up and down along the <001> axis of the

defect, with the bonds oscillating between the lower and the upper

neighbor pair. It is clear that the present analysis would not be ade-

quate for the description of such a physical situation.

For the negative choice of sign of *g, the parameters are still

very similar for all centers except 19SPt~. Evidently, this choice is

not consistent with the treatment of Pt" in chapter 6. The contact

density is now positive, which could easily result from a small degree

of s-d hybridization, overcoming the negative core contribution. The

d-localization is halved with respect to the other sign choice. A

decrease in localization is observed when going from Ni~ to Pd~, but

is followed by a sharp increase when arriving at Pt~. The value of a

has decreased substantially with respect to the positive choice of

sign. Again 19SPt is an exception. The dominant principal axis now is

the <001> for both the unpaired and the valence charge distribution.

The p-electron valence charge and the value of a of 'ospdT and 6 1Ni"

are roughly unaltered. The reason is that one of the principal values

of the valence quadrupole tensor is close to zero. The sign of the
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tensor then makes hardly any difference to the analysis. The previous

remarks on covalent balding effects can be repeated here. For the

directions of Reti and Imti obtained here, it is however harder to con-

ceive a dynamical picture of the bonding in order to explain the large

value of Q.

For either choice of the overall sign one observes that '05Pd~

and 6 1Ni~ have LCAO parameters that are rather close in value both for

the spin and the valence density. This is not immediately evident from

the spin Hamiltonian parameters in table 8.3 because of the influence

of the atomic parameters. For the positive choice Pt~ also has LCAO

parameters very similar to Pd~ and Ni~. A large difference is observed

for the negative sign choice.

Fig. 8.9 Proposed model structure for the Pt, Pd and Ki acceptors in

Si and Ge. The transition metal is bound to two of its silicon

neighbors. A hole is localized partly in a d-state and partly on the

reconstructed bond between the two other neighbors.
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The localization for Pt" is substantially smaller in the LCAO

analysis than in the treatment of chapter 6. However, irrespective of

the choice of sign, it is considerably larger than would be expected

if the vacancy model [17] were adopted. In this model one of the mir-

rorplanes is a nodal plane of the wave function. Since the TE-atom is

lying in this plane, only a small localization should be observed.

This is indeed observed for the 0V~ acceptor, where the contact den-

sity on the oxygen is only 0.057 % and the p-electron localization only

1.18%. In the present case, however, it is implausible that the plati-

num atom is situated in a nodal plane. Moreover, support for the

dihedral model comes from the large quadrupole interaction which is

found irrespective of the choice of sign. The quadrupole interaction

indicates the presence of covalent bonds, such as occur in the

dihedral model, which is shown symbolically in figure 8.9. The

vacancy model explicitly excludes the possibility of covalent bonding.

If one adopts the positive choice of sign, the similarity of the late

TE-acceptor centers can only mean that all four centers have the same

dihedral structure. The vacancy model cannot account for the observed

properties of the four late TE-acceptors.

8.6 SUMMARY

A very detailed EPR and ENDOR study of the >°spd- acceptor in

silicon has been performed. The spin Hamiltonian description of the

unusually complicated EPR and ENDOR spectra accurately accounted not

only for the observed resonance positions, but also for the observed

EPR intensities. The nuclear Zeeman effect displays a striking aniso-

tropy, having opposite sign for the <001> and one of the <110> direc-

tions. This is direct experimental evidence for the admixture of orbi-

tal moment to the nuclear spin through orbital hyperfine interaction.

An approximate, but detailed analysis has been made following the

dynamic extension of the traditional LCAO model introduced in chapter

2. It reveals the close similarity of the four acceptor centers. The

similarity between 3d, 4d and 5d analogue centers is closer than

expected and not in agreement with current theoretical ideas. The mag-

nitude of the unpaired hole localization on the TE-atom is hard to

explain in the vacancy model. The analysis also reveals a large
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quadrupole effect due to a substantial amount of unbalanced valence

charge. The localization of roughly one valence electron charge is

consistent with sp-hybrid bonds in a twofold coordination, and consti-

tutes a strong indication for the Jihedral structure of Pd~ and Ni~.

The detailed picture of the TE-acceptors, emerging from this study,

fully supports the dihedral model for the late TE-acceptors Pt~, Pd~,

Ni~ and Ge:Ni~.
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APPENDIX

A SPIN HAMILTONIAN ALGORITHM

In magnetic resonance experiments on paramagnetic defects usually

transitions between members of a ground state manifold are observed.

These states transform as basisfunctions belonging to a single

representation of the symmetry group of the defect. Such a manifold

can often be described by replacing the true states are by effective

spin states. The 3d TE defect spectra in the Ludwig-Woodbury descrip-

tion are described in this way. For example, in the case of intersti-

tial Cr , five EPR transitions are observed and described by an effec-

tive spin J=5/2.

The effective spin states can be described by an effective spin

Hamiltonian. Such a Hamiltonian may consist of several terms of

increasing order in the effective spin and the magnetic field. It may

feature more than one spin, if nuclear interactions are involved, or

if the angular momentum is taken into account explicitly as was done

in chapter 6. Electric field and stress terms may also occur, but will

not be discussed here.

Each spin Hamiltonian term is a contraction of an object, that

will be treated as a tensor (see however reference [1], page 652) with

a tensor product of spin operators and magnetic field components. The

Hamiltonian for the case of a single spin J in the presence of a mag-

netic field B can be written as

H = S.1 J P . M ^ J 1 , (Al)
1-0 m-0 v '

where B and Jm are 1 resp. m degree expressions in the components

of B and J. The quantities M are treated as tensors of rank 2j+1,

which contain the physical information. The contraction with respect

to the cartesian indices is kept implicit. With the additional

requirement of invariance under time reversal, the sum is restricted

to even values of 1+m, since B and J are odd under time reversal.

Spin operator products with m>2J are linear combinations of lower

degree products, which implies m£2J. In practice only terms up to



- 139 -

linear in B need be considered, although higher values of 1 are by no

means excluded. Of course expression (Al) can be extended by any

number of additional spins, e.g. when nuclear interactions are to be

included.

For convenience it will be assumed that the tensors M are sym-

metric under permutation of the indices

M l m = M l m . (A2)
..x..y.. ..y..x..

This is not a real limitation in practice and the treatment below can

be adapted if this condition is not fulfilled. An element of M can

now be characterized by the numbers n , n and n of indices x,y and
J x y z J

z, since the order of the indices is immaterial.

In order to impose crystal symmetry one could choose linear com-

binations of the products B J m that are invariant under the symmetry

operations of the defect. This method of irreducible equivalent spin

operators was used in reference [2] for T. symmetry. Here a more con-

venient method for the symmetrization of spin Hamiltonians will be

given, that is valid for all point symmetries occurring in silicon and

is suitable for implementation on a small computer.

The basic idea is to symmetrize the tensors M , instead of using

irreducible equivalent spin basis functions. The symmetrization proves

to be surprisingly simple to achieve in practice. All elements of the

T group can be generated from four-fold rotation about the z-axis

followed by inversion ^ooi>' three-fold rotation about <111>-

direction 3<.1i1.>
 an<* reflection in the (110)-plane m..T_.. However,

the operator 4^... can be written as

4<ooi> " m<iTo)3<m>2<ooi>3<m>

and therefore one can also take 2 „-.. , 3 _ _ _ and m,..T as genera-

tors of T The effect of these operations is shown in table A1. The

rotations are defined as clockwise viewed along the axis towards the

origin. The last column gives the action that must be applied to each

element in order that the tensor is invariant under the corresponding

symmetry operation. For invariance under 180° rotation 2 _. about

the z-axis the tensor element should be set to zero if n +n is odd.

Invariance under threefold rotation about the <111> direction requires

that all tensor elements which transform into each other by cyclic
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TABLE A1

Generators of T, point group

symbol

2<001>
3<m>
m(iT0)

effect

xyz —• xyz

xyz —> yzx

xyz —• yxz

symmetrization action

set to zero if n +n odd

permute n ,n ,n cyclically
x y z J J

sort n ,n
x' y

permutation of n , n and n are equal. One of these is then chosen tox y z

represent this set, e.g. the one with the larger n . If there is

invariance under (llO) reflection, elements which have the values of

n and n exchanged are equal. In 3m (D^j) or 3m (C, ) symmetry these

invariances are combined and all elements which are obtained by per-

muting n , n and n are equal. These can then be represented by the
element which has n Sn £n .

x y z

Finally, it should be accounted for that the products of spin

operators J....J, are not all independent even if the number does not

exceed 2J. This is because the quantity

Jv + Jv + Jrx y z

is proportional to the unit spin operator. The remedy for this depen-

dency is simply to set the contraction of the tensor with respect to

two indices to zero for all possible values of the other indices

M (A5)

Actually, any other linear relation between these elements is also

sufficient, but it is most convenient to have a vanishing right hand

side.

As an example, consider a fourth order term in which is of higher

than first order in the spin J, in trigonal (D^j or C, ) symmetry.

Examples are MJ4, MJ3I, MJ»B, MJ2I2 etc, where I is a second, e.g.

nuclear spin. Only the tensor elements with n fen fen can be indepen-

dent according to table Al. This leaves four parameters M , M
xxxx xxxy
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M and M . Since J occurs to order higher than one, rule (A5) is
xxyy xxyz
also applied. One obtains the relations M —2M and 2M =-rr xxxx xxyy xxxy
M . There are two independent parameters left. In cubic symmetry

n , n and n must all be even because of invariance under the three
x y z
two-fold rotations about the cubic axes, and only the first parameter

is left. The well known cubic field interaction, occurring e.g. in
+ 2-

interstitlal Cr and Mn , is a Hamiltonian term of this type.

The procedure outlined above is very suitable for automation,

since it can in principle produce any spin Harailtonian term in a

straightforward manner. One further simplifying step can be taken.

The cartesian spin operators J and J are matrices with two rows of

complex numbers parallel to the diagonal. On the other hand, the

ladder operators J and J , defined by

J± = 72-(Jx±iJy) (A6a)

and

Jo - Jz , (A6b)

consist of only one row of real numbers and are easier to handle. The

factor 1//2 is added to the usual definition in order that

J 2+J 2 + J2 - J J +J J +J J . (A7)
x x x + - - + o o v '

If one introduces the additional notation

j* = j ± = ̂ L(Jx+iJv) , (A6c)

this can be written in a convenient notation as

ZaJaJ° , (AS)

where the summation is either over x,y and z or over +,- and o. This

can be generalized to any complex coordinate system.

Definition (A6) is easily generalized to

M..±.. -^<M..x..±U1..y..> ( A 5 )

and
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M - M
. .o.. ..z..

The process can be repeated for all indices. Writing n=n +n +n

=n +n +n with n -n , one obtains
x y z o z

-(n +n_) n +n
M(n n n ) - 72 S "*" ~ C(n n )-M(n n n ) , (A10)

T1" o ^ n *̂o jv jf x y £A

where n =n +n -n . The tensor element M on the right hand side
y + - x °

acquires a factor +i for each subscript y at the position of a sub-

script ± of the ladder tensor on the left hand side. The coefficient

C(n n ) is a sum over all possible distributions of the n subscripts

y over the + and - subscripts in the ladder tensor element, and is

given by

n f n 1 fn 1 k n
2.y , ,~ (-1) i y
k-o [ny-kj (k Jn n ) 2 . , , (1) i (All)

x y' k-o [ny-kj (k J
With these definitions the contraction with respect to cartesian

indices, Implicit in (A1), can be replaced by a contraction with

respect to ladder indices. It is simply the generalization of special

case (A7). Thus the spin operators occurring in the Hamiltonian are

constructed entirely from products of ladder operators.

To see how this is applied in practice, consider the simple case

of nuclear quadrupole interaction QI2 in D.,, symmetry. The diagonal

and the off-diagonal terms are all equal to O and 0 , respectively,

due to the symmetrization prescripton. 0 vanishes according to rule

(A5). The non-vanishing ladder operators are

Q + + - iQxy , (A12)

V
The tensor elements Q _ and Q are obtained by complex conjugation.

The spin Hamiltonian term is therefore

The matrix operator is now readily written down.
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Following the algorithm outlined above a computer program was

written that can produce a spin Hamiltonian for any sub-symmetry of T,

and an arbitrary number of spins of arbitrary value. The program can

in principle work for any point symmetry. The user supplies the

values of the spins J. and for each Hamiltonian term the degree 1 and

m. of B and J..
l i
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SUMMARY

The thesis reports an experimental study of deep level impurity

centers in silicon, with much attention for theo etical interpretation

of the data. A detailed picture of the electronic structure of

several centers was obtained by magnetic resonance techniques, such as

electron paramagnetic resonance (EPR), electron-nuclear double reso-

nance (ENDOR) and field scanned ENDOR (FSE). The thesis consists of

two parts. The chapters 3,4 and 5 deal with chalcogen (sulfur,

selenium and tellurium) related impurities, which are mostly double

donors. The chapters 6,7 and 8 are about late transition metal

(nickel, palladium and platinum) impurities, which are single (Pd, Pt)

or double (Ni) acceptor centers.

In chapter 2 the LCAO analysis of hyperfine interactions is

treated. The success of the LCAO analysis stems from the fact that

magnetic dipole, electric quadrupole and spin-orbit interaction with a

nucleus takes place in the region of the atomic core. In this region

the defect wave function should have predominant atomic character.

The traditional, static, LCAO analysis can in its basic form account

only for interactions of axial symmetry. This problem is traced to the

unfounded restriction to real atomic expansion coefficients. By allow-

ing for a more general form of the expansion, a theory is obtained

that has, for p-electrons, a number of parameters equal to the number

of experimental quantites. A reanalysis of known ligand ENDOR data

shows up a moderate increase in electron localization on the ligand

sites.

Chapter 3 describes a trigonal selenium-aluminium double-donor-

acceptor complex. It presumably consists of several selenium atoms

and a negatively charged aluminium acceptor. The ground state is con-

cluded to be an orbital doublet and therefore the center should be a

dynamic Jahn-Teller system. Close similarities exist with the X.. com-

plex, which causes the infrared sensitivity of selenium and sulfur

doped silicon.

The dominant chalcogen complex is a pair »•" equivalent chalcogen

atoms. Chapter 4 reports 33S ENDOR experiments on the sulfur pair.

Its trigonal symmetry, which cannot be observed in EPR, is unambigu-

ously demonstrated. The 2BSi ligand ENDOR is studied in chapter 5. The
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lack of trigonal symmetry among the largest 14 interactions is unambi-

guous proof for the substitutional character of the pair. Although the

pair ground state levels are significantly less deep than for the iso-

lated sulfur, the defect electron localization is about 80 in both

cases. Apparently, the pair induces no significant lattice relaxa-

tion. Its valence structure may involve substantial p-d hybridization,

but could not be derived fro'.: the experiment.

In chapter 6 the g-values of the orthorhombic platinum acceptor

are analyzed, establishing an important contribution from the 5d-shell

to the magnetic moment of the center. The vacancy model for Pt~, in

which platinum is an inert full shell atom in a negatively charged

vacancy, is abandoned for the dihedral model, in which the platinum is

bound to two out of four silicon neighbors.

Chapter 7 gives a brief overview of recent results on Pt, Pd and

Ni related centers in silicon and germanium. The ">sPd" and 6 1Ni"

centers, which also have the typical orthorhombic symmetry, have EPR

spectra with complicated hyperfine structure, which is an indication

for the involvement of d-electrons in the ground state. It is proposed

that Pd" and Ni" - in silicon as well as germanium - also have the

dihedral structure. The known trigonal Pt(II)~ center and its previ-

ously unknown Pd analogue are identified as Pt resp. Pd pairs with

iron through a resolved 57Fe hyperfine interaction.

Chapter 8 reports a very detailed EPR and '°sPd ENDOR study on

the i°5p<j~ acceptor. The full spin Hamiltonian analysis of the

involved 1-5/2 EPR hyperfine spectrum, with 'forbidden' lines and

strongly angular dependent intensities, was a challenge. A prelim-

inary analysis of the spin Hamiltonian parameters by dynamic LCAO

analysis reveals that the rather unlike hyperfine interactions of

10SPd~ and «'Ni", and, to a lesser extent, i»spt~ result from rather

similar atomic orbitals.

Finally the appendix gives a relatively simple method for the

automated construction of general spin Hamiltonians. A program based

on it proved a valuable tool in the analysis of the spectra.
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SAMENVATTING

Dit proefschift beschrijft diepe onzuiverheidscentra in silicium,

met veel aandacht voor de theoretische interpretatie pan de data. Door

toepassing van magnetische resonantie technieken, •zoals electron

paramagnetische resonantie (EPR) en electron-kern dubbel resonantie

(ENDOR) en veld gescande ENDOR (FSE). Het proefschrift bestaat uit

twee delen. De hoofdstukken 3, A en S gaan over aan chalcogenen

(zwavel, seleen en telluur) gerelateerde onzuiverheden. Dit zijn

overwegend dubbele donoren. De hoofdstukken 6, 7 en 8 gaan over de

late overgangsmetalen nikkel, palladium en platina, welke diepe enkele

(Pd, Pt) of dubbele (Ni) acceptor centra vormen.

In hoofdstuk 2 wordt de LCAO analyse van hyperfijn interacties

behandeld. De LCAO analyse is succesvol omdat magnetisch dipool,

electrische quadrupool en spin-baan interactie met een kern

plaatsvindt in het gebied van de atomaire core. In dit gebied moet de

defect goffunctie een overwegend atomair karakter hebben. De tradi-

tionele, statische, LCAO analyse kan alleen interacties met axiale

symmetrie beschrijven. Dit probleem blijkt voort te komen uit de

ongefundeerde eis van reële atomaire expansiecoefficienten. Door ook

complexe coëfficiënten toe te staan krijgt de theorie, voor p-

orbitals, evenveel parameters als er experimentele grootheden zijn.

Een heranalyse van bekende ENDOR data levert een bescheiden toename

van de berekende electron localisatie op ligand posities op.

Hoofdstuk 3 beschrijft een trigonaal seleen-aluminium dubbele-

donor-acceptor complex. Het bestaat vermoedelijk uit enkele seleen

atomen en een negatief geladen aluminium acceptor. De grondtoestand

blijkt een orbital doublet te zijn en het centrum moet daarom een

dynamisch Jahn-Teller systeem zijn. Er bestaat een nauw verband met

het X1 complex, dat verantwoordelijk is voor de infrarood gevoeligheid

van seleen en zwavel gedoteerd silicium.

Het dominante chalcogeen complex is een paar van equivalente

chalcogeen atomen. Hoofdstuk 4 verslaat 3 3S ENDOR experimenten aan

het zwavel paar. De trigonale symmetrie, die niet kan worden vast-

gesteld met EPR, wordt ondubbelzinnig aangetoond. De 20Si ENDOR is het

onderwerp van hoofdstuk 5. Het niet voorkomen van trigonale symmetrie

bij de grootste 14 interacties bewijst ondubbelzinnig het
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substitutionele karakter van het paar. Hoewel voor het paar de grond-

toestand aanzienlijk minder die;} is dan voor het enkele centrum, is de

localisatie van het defect electron ca. 80X in beide gevallen. Het

paar lijkt geen roosterverstoring van betekenis te veroorzaken. De

valentiestructuur kan p-d hybridisatie een rol spelen. Het experiment

geeft hierover geen uitsluitsel.

In hoofdstuk 6 worden de g-waarden van het orthorhombische accep-

tor centrum geanalyseerd. De --schil blijkt een belangrijke bijdrage

aan het magnetisch moment te leveren. Het vacature model, waarin pla-

tina een inerte, gevulde d-schil heeft en zich in een negatief geladen

vacature bevindt, wordt daarom opgegeven ten gunste van het dihedrale

model, waarin het platina gebonden is aan twee van de vier silicium

buren.

Hoofdstuk 7 geeft een kort overzicht van recente metingen aan Pt,

Pd en Ni gerelateerde centra. De >0SPd~ en 61Ni~ centra, die eveneens

de kenmerkende orthorhombische symmetrie hebben, hebben EPR spectra

met gecompliceerde hyperfijnstructuur. Dit wijst op d-karakter van de

grondtoestand. Het wordt geopperd dat Pd" en Ni" ook de dihedrale

structuur hebben. Het reeds bekende Pt(II)" centrum en het nieuw

gevonden Pd analogon worden geïdentificeerd als Pt resp. Pd paren met

ijzer aan de hand van opgeloste S7Fe hyperfijn interactie.

Hoofdstuk 8 verslaat een zeer gedetailleerde EPR en 'ospd ENDOR

studie aan de '0SPd~ acceptor. De volledige spin Hamiltoniaan analyse

van het ingewikkelde 1—5/2 EPR hyperfijn spectrum, met 'verboden'

overgangen en sterk hoekafhankelijke intensiteiten was een uitdaging.

Een voorlopige analyse van de spin Hamiltoniaan parameters met dynam-

ische LCAO laat zien dat de nogal verschillende hyperfijn interacties

van 105Pd en 81Ni en, in mindere mate, van 'BSPt voortkomen uit ver-

gelijkbare atomaire orbitals.

Tenslotte wordt in de appendix een relatief eenvoudige methode

uiteengezet om geautomatiseerd spin Hamiltonianen te construeren. Een

hierop gebaseerd computerprogramma was een waardevol hulpmiddel bij de

analyse van de spectra.
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STELLINGEN

1. Er zijn experimentele en theoretische1 aanwijzingen dat in de laagste

geleidingstoestand in silicium de ladingsdichtheid geconcentreerd is op de interstitiele Tj

posities.

2. Niklas et al.2 hadden de 27A1 quadrupoolinteractie beter kunnen analyseren op de

wijze die al eerder door een van de auteurs was toegepast3.

3. De singuliere ijktransformatie beschreven door Laughlin4 en Wilczek5, waarbij in een

systeem van niet-interagerende deeltjes elk deeltje zijn eigen ijking 'met zich meevoert',

is wel singulier maar geen ijktransformatie.

4. De ijkvariante beschrijving van het electromagnetisme als een uniek bepaald

vectorveld, onderworpen aan het Klein-Gordon actieprincipe, is formeel eenvoudiger

dan de ijkinvariante theorie en heeft daarbij het voordeel van een Lorentz-covariante

definitie van electromagnetische spin6.

5. De door Webb et al.7 gehanteerde opvatting van het Aharonov-Bohm effect verschilt

wezenlijk van de oorspronkelijke8.

6. Ondanks het rotatievrije karakter van de vectorpotentiaal buiten een oneindig lange

solenoide, zullen magnetische interacties optreden met passerende geladen deeltjes.

Deze interacties worden niet tegengehouden door een koperen of supergeleidende

afscherming. De waarnemingen van Tonomura et al.9 kunnen daarom niet zonder meer

als experimentele bevestiging van het Aharonov-Bohm effect worden opgevat.

7. Het effect van rotatie van een ringvormige lichtgeleider op een daarin rondlopende

lichtgolf is analoog aan dat van een homogeen magneetveld op een lading die een

cirkelbeweging uitvoert. Dit betekent echter niet dat een analogie10 bestaat tussen het

Sagnac-effect en het Aharonov-Bohm effect.

8. Een potentiaal welke tijdens een experiment, zoals beschreven door Webb en

Washburn11 , aan- en uitgeschakeld wordt kan niet worden beschouwd als

electrostatisch.

9. Het feit dat de meeste wetenschappelijke programmatuur nog steeds in FORTRAN

geschreven is en wordt, is een voorbeeld van een remmende voorsprong.



10. De snelle daling van de oppervlaktetemperatuur van het zeewater aan de

Provençaalse kust bij Mistral-wind wordt hoofdzakelijk veroorzaakt door het opstijgen

van koud water dat zich onder andere omstandigheden op grotere diepte bevindt.

11. Dat de moderne mens nooit tevreden is blijkt ééns te meer uit zijn streven naar

warmere supergeleiding maar juist koudere kernfusie.

12. Het spreekwoord "Over smaak valt niet te twisten" lijkt op, maar is volstrekt in

tegenspraak met het Latijnse "De gustibus non est disputandum".
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