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AN EPR STUDY ON CLUSTERING OF IRON

AND OF OXYGEN IN SILICON

The Solid State, however, kept its grains

Of Microstructure coarsely veiled until

X-ray diffraction pierced the Crystal Planes

That roofed the giddy Dance, the taut Quadrille

Where Silicon and Carbon Atoms will

Link Valencies, four-figured, hand in hand

With common Ions and Rare Earths to fill

The lattices of Matter, Glass or Sand,

With tiny Excitations, quantitively grand.

Stanza 2

"Dance of the Solids"

John Updike

Scientific American, January, 1969
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Chapter 1 Introduction

In spite of the development of many different semiconductor materials,

silicon is still by far the most important substrate for the production of

integrated circuits (IC's), solar cells and some more electronic components.

The dimensions of the IC components are growing smaller and smaller so that

besides stacking faults and dislocations also point defects and impurities

start to influence the properties of the IC's. So presently research of the

properties of defects and impurities is of direct interest for the production

of IC's. In this thesis we will restrict ourselves to two impurities:

oxygen and iron.

Oxygen is always present in quartz-crucible-grown silicon in high con-
18 3

centrations (MO atoms/cm ). If this material is heated at temperatures of

400-800 C the resistivity changes because donor centers are formed. These

inconvenient changes can be avoided if silicon with a low oxygen concentra-

tion (<10 /cm ) is used. This can be produced by zone refining. Although

this is a solution for the production of IC substrate material float-zone

silicon is too expensive for an economical production of solar cells. During

the production of IC's many oxidation steps take place. During these steps a

high concentration of oxygen can gradually build up in the surface layer

which especially is important in small-scale components. Therefore a study

of the nature of the heat-treatment donor centers is still relevant in

spite of the existence of float-zone silicon.

Iron is a fast-diffusing element in silicon. In order to prevent contami-

nation with iron during the production of silicon a very clean production

process is necessary. Moreover aal successive heat treatments during the fabri-

cation of for instance IC's must also be performed in a very clean well-con-

trolled environment. In spite of such precautions silicon devices will gener-

ally contain some iron contamination. Besides the influence of metal impuri-

ties upon the electrical characteristics of the components one of their

disadvantages is thap their precipitates probably act as dislocation sources

if stresses are present in the substrate due to oxide-nitride-edges. These

dislocations may .-cause shorts due to the enhanced diffusion of dopants along



their lines. A more thorough understanding of the most common metal impurities

iron and copper is therefore profitable. In this study we irradiated and

annealed iron-containing samples to observe the results of the interaction of

interstitial iron atoms among themselves and with vacancies, interstitials,

and charge-carriers.

To study the microscopic results of the various treatments of oxygen-

or iron-containing samples we used the technique of Electron Paramagnetic

Resonance (EPR). We will not describe the fundamentals of this well-known

technique. Many standard text-books are available (e.g. Pake and Estle 1973).

Generally EPR yields two important data:

1) the symmetry of a center,

2) the number of (foreign) atoms in a center.

The EPR technique fails if the center of interest is not paramagnetic. EPR

fails partially if the nature of the center is such that the presence or

absence of foreign atoms can not be established.

In this thesis we study the formation of centers which will contain one

or more oxygen or iron atoms. In the case of the donor centers which are

expected to contain four oxygen atcms, we could not establish the presence

of the oxygen atoms. Some other interesting features were observed, however,

as described in chapter 4. The EPR study of the iron-containing samples was

much more successful. We could establish the presence of several centers with

different numbers of iron atoms, as described in chapter 5.

Chapter 2 decribes the experimental circumstances. Chapter 3 deals with

some topics concerning the analysis of the observed EPR spectra. Both chapter

2 and chapter 3 need not be studied before reading chapter 4 and chapter 5.

Moreover chapter 5 is independent of chapter 4.



Chapter 2 Experimental

2.1 Table of the silicon starting material

aterial

pBO.l

pB.34

pB.89

pBl.l

pB800

nP118

nP8.2

nP.34

Growth

FZ

FZ

FZ

QC

FZ

FZ

FZ

FZ

Type

P

P

P

P

P

n

n

n

Resistivity

ßcm

0.1

0.34

0.89

1.1

800

118

8.2

0.34

Dopant

imp.

B

B

B

B

B

P

P

P

P

conc.

10 at/cm

450

65

17

14

0.07

0.05 *

0.04

0.5

20

Carbon

conc.(1)

1015at/cm3

?

30

26

6

16

14

14

11

Dislocation

density(2)

1014EPD/cm2

0

2

0

0

2

0

0

0

(1) The carben concentration was determined from the infrared band at 16.5 urn
15 3

(Newman 1973) using a reference sample containing 5x10 carbon atoms/cm .

These measurements were performed by A.H. Goemans (Philips, Lent).

(2) These dislocation densities are only valid for the starting materials.

The actual samples probably contained more dislocations due to the

various heat treatments.

2.2 Furnaces

During their preparation the samples were heated at various temperatures.

Several types of furnaces were used depending on the required temperature

range; a survey is given in table 2.2.



Table 2.2 Furnaces

10

Temperature Heater Inner

range and material oven

accuracy tube

Sample Temperature Control Sample

holder control. thermometer thermometer

and or or

ambient thermocouple thermocouple

A12O A12O3 PIDcontrol Pt-Pt 10% Rh Pyrometer (1)1250-1410 SiC

±3 (Morgan) alumina dry N„ (Eurotherm)

600-1250

±10

Kanthai AI Al„0 quartz PD control Pt-Pt 10% Rh platinel

67.5 Fe,

25 Cr,

5.5 Al, 2 Co

(Koeken)

(Olympus) or p l a t i n e l or chromel-

alumel (2)

350-600

±3

100-350

±2

100

+0,-2

25-100

±1

Kanthai AI quartz

Nichrome V pyrex

Ni 80,Cr 20

(3)

boiling water

water

water water

quartz

N2

pyrex

N2

pyrex

water

pyrex

water

PD control

(Olympus)

manual

-

thermostat

(Tamson)

chromel-

alumel

-

-

mercury

thermometer

(Juma DBP)

chromel-

alumel

chromel-

alumel

mercury

thermometer

mercury

thermometer

(1) Temperature measurements with a pyrometer were accurare to within ±3 C, a

thermocouple was too sensitive for pick-up of AC currents, giving irrepro-

ducible results.

(2) If a chromel-alumel thermocouple is heated several times to elevated

temperatures, it oxidizes and breaks. Platinel is resistant and has

practically the same temperature-voltage characteristic.

(3) Designed after J.A.A. Ketelaar and G.H.J. Broers (1953).



2.3 Etching

Prior to the etching the samples are cleaned and degreased. The samples

are always etched in the same etching fluid, consisting of 2 parts HF (40%),

2 parts fuming HNCL, and 5 parts CH-COOH (min. 96%). At least 12 ml etching

fluid was used for each sample. The oxygen-containing samples are etched

only during 2 minutes at about 5 C. In this way we removed a layer of about

0.02 mm which contains the surface damage present after grinding.

Sometimes such a short etch is also sufficient for the iron-containing

samples, but during several stages of the sample preparation a longer etch

is needed to prevent or remove internal stresses. This long etch is performed

at about 15 C during 8 minutes removing about 0.05 mm.

2.4 Preparation of an oxygen-containing sample

Samples are sawn from a <111> grown silicon rod. They have dimensions
3

of about 2x2x(15-25) mm . They generally have a <011> direction along the

long side.

Oxygen diffusion into the float-zone material is performed in several

steps as described by Abou-el-Fotouh and Newman (1974). Firstly, the samples
3

are cleaned and oxidized in a quartz ampoule of about 6 cm containing 1 mg

H-0. The water I frozen to permit evacuation of the ampoule. During

16 hours the sample is oxidized at about }000 °C.

Either naturel water containing only 0.037% 0 is used or water

enriched to 10% 0. If enriched water is used precautions are needed

during the diffusion steps to prevent contamination with 0. We will now

describe the diffusion steps including these precautions, which can be

omitted if natural water is used.

The sample is heated for 10 days at 1370-1390 °C, resulting in a nearly

uniform distribution of oxygen. To prevent contamination with 0 the

nitrogen ambient is cleaned by guiding it over fresh hot Cu shavings and

through a liquid nitrogen cold trap. Moreover the sample is placed inside

a silicon crucible with a silicon lid, as silicon at about 1380 C is a very

effective trap for oxygen. The samples are cooled down together with the

furnace and ground, cleaned in HF, and etched.

As a consequence of the long treatment at a high temperature the

samples inevitably are contaminated with some fast diffusing elements like

iron, manganese, and chromium. To eliminate the disturbing EPR spectra
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associated with these impurities and to obtain a standardized starting situ-

ation preceding the heat-treatment cycle all samples were again heated at

1350 °C for 15 minutes. This was followed by slow cooling at the entrance

of the furnace during two minutes just until below red heat and a subsequent

quench to room temperature in water , followed by a short etch.

Samples from the crucible-grown material are taken from the center of

the rod, in order to get a uniform high oxygen content. Evidently these

samples are not diffused with oxygen but still they are given the final short

heat treatment at 1350 C as we do not know what final treatment the crucible

grown material is given by the manufacturer.

The concentration of isolated interstitial oxygen is controlled with the

intensity of the associated 9 pm infrared band (Kaiser and Keck 1957). EPR on

Si-SLl shows the 0 concentration (see section 2.9). Unfortunately the final

0 concentration was only 2.2%. Analysis of the oxidation step by mass spec-

troscopy of the remaining water in the ampoule showed that already after a

few hours the 0 percentage has nearly decreased to zero. Either the oxygen

diffuses through the wall of the ampoule or exchanges with the oxygen in the

wall of the ampoule. We tried to saturate an ampoule with 0 by using it

several times but there was only a slight improvement. Oxidation at a lower

temperature was not very succesful either. To improve the 0 concentration

in the oxide layer the oxidation should be done in many steps, each time

opening the ampoule and refreshing the H9 0. As we did not observe any re-
17 .

solved hyperfine interactions with 0 (see section 4.2.4) which should

have been observed even with only 2.2% 0, we made no further attempt to

improve the 0 concentration.

Heat treatments were carried out under nitrogen ambient in a quartz tube

during 1 to 800 hours at 410, 450, 480, and 510+3 °C and at 550+3 °C after a

preceding heat treatment at 450 C during 100 to 300 hours. Changes in the

electrical resistivity were determined by four-point probe measurements at

room temperature. The Fermi level usually rises with increasing heat-treat-

ment time and p-type samples convert to n-type as verified by measuring the

thermo-voltage using a hot-point probe. From the resistivity and conductivity

type the number of donor electrons which were produced was calculated.

2.5 Preparation of an iron-containing sample; prevention of internal stresses

A sample is sawn from a <111> grown rod. The sample has dimensions of
3

2.3x2.3x(15-25) mm . It has a <011> direction along its long side. After grind-
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ing and a long etch (to remove stresses which are introduced during sawing)

the sample is slightly ground, degreased, cleaned in HC1 and covered with an

iron solution. This solution is prepared by dissolving 65 mg natural iron

(only 2.2% 5?Fe) or iron enriched to 90% Fe in 2 ml 10% HC1. If the liquid

is spread over the sample the HC1 (and H„O) evaporates, leaving iron hydrox-

ide and iron oxide on the sample. This process is speeded up with a blower.

In the case of natural iron the sample is heated for about 1 hr at

1200 °C, which is sufficient to introduce iron to its maximum concentration

of about 10 /cm . Doping with Fe requires heating for 16 hrs. In this

case Fe must have time to exchange with all Fe which is already present

in the sample. Our silicon has been manufactured longer than 5 years ago and

most probably contains a considerable amount of iron, modern silicon can be

iron free (Weber and Riotte 1978). If we leave the sample in the furnace for

times longer than 16 hrs iron contamination from external sources begins to

dominate and the final Fe concentration will decrease.

The sample must be cooled down slowly (together with the furnace) after

this heat treatment, as the sample will stick to the sample holder by the

chemical reactions of the iron oxide layer and by the formation of SiO_. Al-

though we support the sampl" only at both ends, it would have a considerable

chance to crumble during quenching. This is probably also due to the differ-

ent thermal contraction of the SiO. and the remainder of the iron-oxide

layer in comparison with Si.

After the slow cooling the sample is cleaned by grinding and a long

etch. It is again heated to 1200 C for about 1/2 hr, while the Fe sample

is protected against Fe from the furnace by some iron oxide on the sample

holder. The sample holder (̂ 2.5 g quartz) with the sample is pulled to the

entrance of the oven in about one second and quenched in water. The SiO.

layer which has been formed is removed by HF (40%) and the sample receives
3

another long etch. Its dimensions are now about 2x2x(15-25) mm . The iron

content, Fe concentration and internal stresses are monitored with a stand-

ardized EPR measurement (see section 2.10). The sample is now ready for

annealing or irradiation(s) and subsequent annealing.

Each irradiation creates internal stresses which originate obviously

from surface damage as a long etch removes them. Fortunately annealing

requires no long etch (even no etch at all) as the samples become rather

thin after several irradiations. We can not start with thicker samples in

the diffusion steps as thicker samples turned out to be much more inclined

to crumble during quenching.

After being quenched from 1200 C the samples are stored in liquid N_,

except for the time needed for etching etc.
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2.6 The accelerator and the irradiation dewar

Irradiations are performed with 1.8 MeV electrons from a Van de Graaff

accelerator (High Voltage Engineering). The samples with dimensions of 2x2x20
3mm are cooled by liquid nitrogen, via a copper cold tip. Thermal contact

between the various parts is very important. The use of the silver containing

part of the two component adhesive Eccoshield VSM (Emerson and Cuming Inc)

was not a success. The thermal contact was excellent, but the sample could

not be removed from the holder, as the paste turned out to harden under elec-

tron irradiation even without hardener. Thermal contact was therefore achieved

by pressure. In order to prevent excessive temperature differences all screws

must be tightened very well. However, if a silicon sample is clamped between

copper or brass at room temperature, the sample will crack during cooling,

because silicon does hardly shrink upon cooling to 77 K. Therefore the sam-

ples are pressed against a copper bar by a spring of corrugated stainless-

steel ribbon. In addition to the thermocouple in the cold tip, the temperature

of the copper bar against the sample is monitored. A control experiment with

a thermocouple inside a hole drilled in a substitute silicon sample, showed

that the temperature difference between cold tip and copper bar was about

equal to the temperature difference between copper bar and sample. At our
2

typical flux of electrons of 20 pA/cm the sample temperature is 290 ±20 K.

2.7 The EPR spectrometer and dewar system

EPR measurements are performed in a superheterodyne K-band (23 GHz)

spectrometer, tuned to dispersion. The cavity is a critically coupled

(variable coupling) cylindrical TE .. cavity. For a thorough description of

the spectrometer see Sieverts (J978) and Muller (1975).

A Varian magnet (V4021 A, power supply V 2200 B) stabilized with a Hall

probe (Fieldial Mark II) produces fields between 0.12 and 1.1 T. The magnetic

field is measured with a Bruker NMR-resonator B-NM 20.

The samples are preferentially mounted in such a way that the magnetic

field can be rotated in a crystallographic {011} plane.

The waveguide with cavity is mounted inside a stainless-steel tube which

can be evacuated giving thermal insulation between the cavity and the helium

bath. Evacuation moreover improves the signal to noise ratio of the EPR spec-

tra. This assembly is mounted inside a double glass dewar system. Using

liquid N2> liquid N plus liquid He, or liquid N_ plus pumped He all temper-
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atures between 300 and 1.4 K can be reached and stabilized by heating a

manganin wire which is wound around the cavity.

The liquid helium level can either be observed through slits in the

silver layer of the glass dewars or can be detected using a superconducting

wire (McLachlan 1978). Our wire is of manganin (̂  0.12 mm) covered with a

very thin layer of indium-lead alloy (80-20). Most types of superconducting

wires can be used. Essential for a reliable operation, even under helium

filling conditions, is the presence of a resistance wire wound around the

top of the superconducting wire (figure 2.1).

The cavity temperature is measured with a chromel-Au 0.03% Fe thermo-

couple which was calibrated at 273 K, 77 K, 4.2 K, and 1.4 K. The lowest

temperature we can reach is 1.4 K. This temperature was derived from the

helium vapour pressure.

Fig. 2.1

The physical and electrical

arrangement of the superconducting

liquid helium detector. Above T

the power dissipation must be

about 1 W/cm in the superconducting

wire and about 0.2 W in the resist-

ance wire.

2.8 Sample mounting during EPR measurements

A sample is put in a tightly fitting teflon (PTFE) cup with an outer

diameter of 3.8 mm. The inner diameter of the teflon cup must be chosen

very carefully. If it is too wide the sample will tilt; if it is too

narrow the sample is pinched during cooling. Especially the iron spectra

are sensitive to both. Tilting produces splitting of the very anisotropic

spectra; pinching causes internal stresses which cause EPR line broadening.
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In practice a series of teflon cups with inner diameters which increase in

steps of 0.1 mm worked satisfactorily.

The teflon cup is screwed under a thin-walled tube of German silver.

Inside this tube a quartz rod can be mounted to illuminate the sample. In

this way for instance centers can be converted to a paramagnetic state by

the use of light of an appropriate wavelength. The tube slides along the

waveguide into the cavity through a hole in the center of the top of the cav-

ity. Using a lock system at the top of the dewar the sample can be inserted

while the waveguide and the cavity remain evacuated. This enables us to ex-

change samples very fast even while the cavity is cooled down to below 4.2 K.

The sample is mounted in a different way on the bottom of the cavity in

order to apply uniaxial stress. A stainless steel pressure rod enters through

the hole in the top of the cavity. The various configurations to perform ENDOR

measurements are described by Sieverts (1978).

2.9 Details of EPR measurements on oxygen-containing samples

In 0 diffused samples the 0 content is determined with the aid of the

Si-SLl EPR spectrum (Brower 1971, 1972). The corresponding paramagnetic center

contains one oxygen atom. From the ratio between the intensities of the six

0 (1=^) hyperfine lines and the main 0 line the 0 concentration is de-

termined. Si-SLl is produced by electron irradiation and observed during il-

lumination. The radiation damage is removed by annealing at 1350 C and sub-

sequent quenching.

To obtain a high accuracy for the g-values and to determine spin concen-

trations a reference sample was used. This consisted of a cube of silicon ma-
12

terial nP8.2, with edges of 1.6 mm, containing 2x10 phosphorus atoms. Postu-

lating g=l.99850 (Feher 1959) as an exact g-value for the center of the two

phosphorus EPR lines and using the hyperfine splitting of 117.53 MHz (Feher

1959) most g-values could be determined with a mutual accuracy of ±0.00004.

By comparing the intensities of the observed spectra with the reference spec-

trum rough estimates of the numbers of unpaired spins in the heat-treatment

centers could be made. In view of the different passage conditions and line

shapes errors of a factor five are possible.

The heat-treatment centers are observed with a modulation field of about

0.03 mT, a modulation frequency of 19 Hz and a microwave power of ^3 yW. The

scan rates are between 0.4 and 0.8 mT per minute. The temperature is chosen

between 1.4 and 77 K.

L
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2.10 Details of EPR measurements on iron-containing samples

The total interstitial-iron content and the Fe (1=^) concentration in

isotopically enriched samples are determined from the common Fe. resonance

at g=2.070 with a hyperfine splitting of 20.94 MHz (Ludwig and Woodbury 1962).

The total intensity gives the total iron content, the relative intensity of

both hyperfine lines compared to the central line is a measure for the Fe

concentration (figure 2.2). The Fe concentration can also be determined

from the iron-pair spectra (see section 3.7 and 5.2.5). As the hyperfine lines

of some iron-pair spectra were better resolved, this determination is even

more accurate, but only possible in samples which contain the iron pairs. The

maximum Fe concentration was about 90% Fe and in only a few samples the

concentration was less than 80%.

The angular dependence of the linewidth of the Fe? line shows the pre-

sence or absence of internal stresses. With the magnetic field in the (Oil)

plane and -v54° out of the [lOO] direction (Berke et al 1976) the line is

always narrow (linewidth ^0.25 mT) even if internal stresses are present.

Therefore we can always determine the Fe concentration.

The iron spectra are observed with a modulation field of ^0.01 mT, a

modulation frequency of 80-85 Hz and a microwave power of %3 pW. The scan

rates vary between 0.2 and 10 mT per minute. Most measurements on the iron

spectra were performed at 1.4 K, sometimes temperatures up to 6 K were used.

Fig. 2.2

The EPR spectrum of

Fe? (g=2.070) with

B// [ill], for two

different enrich-

ments with Fe.

I | T I I I | i I i I | I

789 790 789 790

Magnetic field ImT)
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Chapter 3 Analysis of spectra

3.1 The spin Hamilton!an formalism

Electron Paramagnetic Resonance (EPR) is the interaction between a para-

magnetic center and a microwave field (with a frequency v in the GHz region).

Usually a static magnetic field is present. The description of the interaction

with the correct Hamiltonian of the system considered is generally complicated

and impractical. Often it can be replaced by a description with a spin Hamil-

tonian. The latter description is restricted to the lowest set of energy lev-

els of the system, usually a set with an energy separation in the order of hv.

The spin Hamiltonian formalism ascribes an effective spin S to the paramagnet-

ic center (so generally the number of energy levels will be 2S+1). The behav-

ior of these energy levels is described with the spin Hamiltonian. The spin

Hamiltonian is derived from the correct Hamiltonian by replacing the physical

operators by spin operators with the same transformation properties. The mag-

netic field is not treated as a physical operator but as a vector. Also an

electric field or a. stress are often described by real parameters. The spin

Hamiltonian is invariant under the operations of the point-group of the para-

raagnetic center.

3.2 The form of the spin Hamiltonian

The simplest paramagnetic center in silicon is a center with cubic sym-

metry which can be described with an effective spin S=\ and which has no in-

teractions with a nuclear spin. The spin Hamiltonian consists of the elec-

tronic Zeeman interaction term:

E = VBgO

where y is the Bohr magneton, g the g-factor, and B the magnetic field.

Solving the secular equation yields the energy levels E =+iu,,gB and E„=-iv_gB.

The resonance condition is hv=jj gB.
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In EPR practice the microwave frequency v is kept constant while magni-

tude and direction of the magnetic field B can be varied. In this case the

resonance condition is independent of the direction of the magnetic field.

If we plot the magnitude of the magnetic field at which resonances occur

against the direction of the magnetic field and rotate the magnetic field,

for instance in the (0Ï1) plane, we get a straight (isotropic) line.

If the symmetry of the center is lower than cubic we must replace the

g-factor by a g-tensor which has the symmetry properties of the center. In

this case the resonance condition and thus the magnetic field at which re-

sonance occurs is dependent on the direction of the magnetic field. Due to

the presence of centers in different orientations in the crystal, a plot

of the magnitude of the magnetic field against the field direction gives

a pattern of lines (see for instance figure 4.1). In silicon eight funda-

mentally different patterns of at most 12 lines can be recognized if the

magnetic field is rotated in a [Oil] plane. Each of them is characteristic

for one or more point-groups (Sieverts 1978 Appendix A).

All the oxygen heat-treatment centers are simple S=j centers without

resolved nuclear interactions.

Sometimes spectra are more complicated (see for instance figure 5.4)

and one needs a spin S>| and/or interactions with a nuclear spin to describe

the spectrum. In all these cases we have more than two energy levels and

more than one transition can be allowed.

To find the form of these more complicated spin Hamiltonians several

methods can be employed. A group-theoretical method via an extension of the

Wigner-Eckart theorem is given by Statz and Koster (1959). Huang et al (1964)

give a more practical form of Roster's method. Both methods are compared

by Tuynman (1981). For spins S<5 and centers with cubic or axial symmetry

all possible forms of spin Hamiltonians are given by Orton (1968) and by

Pake and Estle (1973). Also the form of interactions with nuclear spins can

be found in these references as far as they are not too complicated. In a way

similar to Pake and Estle we can write the spin Hamiltonian in the form:

H = I h
a h n i ^

 Bî Si ^ : a,b,c integers; i.j.k e {x,y,z}
abcijk abclJfc ! J k

with a+b+c = 2n (n integer), b<2S, c<21

B magnetic field, S electron spin, I nuclear spin

generally a is restricted to the values 0 or 1.



tant terms

a=l

a=0

a=0

a=1

a=0

a=0

b=l

b=2

b=4

b=0

b=l

b=0

are:

c=0

c=0

c=0

c=l

c=l

c=2

PgB-g.?

S.D.'S

a S 4

t.A.Ï
I.Q.I
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This form of the spin Hamiltonian contains more terms than are allowed

by symmetry considerations. The coefficients h . ..^ are parameters for which

relations exist which are determined by symmetry. Due to these relations many

of the coefficients h , .., must be zero. In some cases they are mutually
abcijk -»-*-»•

related. The coefficients h .. can be combined to give terms like B.g.S,
->-=*->• 2 abc:LJ'c -1
S.D.S etc. Terms like BS I and BS are in general neglected. The most impor-

electronic Zeeman interaction

zero-field splitting

cubic-field splitting

nuclear Zeeman interaction

hyperfine interaction

nuclear quadrupolar interaction

Examples of the complicated spin Hamiltonians which contain many of these

terms are the spin Hamiltonians used for the analysis of the iron spectra.

3.3 The relation between the spin Hamiltonian and the spectrum

We have seen that the spin Hamiltonian is a function of the direction

and magnitude of the magnetic field J and of several parameters which depend

upon the specific paramagnetic center. Each different orientation of the cen-

ter has its own set of parameters, which are mutually related by the symmetry

transformations which connect the different orientations. The number of ener-

gy levels is equal to the dimension of the Hamiltonian matrix. If the number

is larger than two, more than one transition is possible. Sometimes transi-

tions between all energy levels are allowed. The transition probability can

be determined with the aid of the eigenfunctions of the spin Hamiltonian

(see section 3.5). We can distinguish two different cases in the relation

between spin Hamiltonian and spectrum.

1) The parameters and the symmetry of the center are given. We want to know

the spectrum, i.e. the magnitude of the magnetic field B at which the

resonances of the various transitions and orientations occur for a given

microwave frequency and for various directions of the magnetic field.

2) The spectrum (or part of the spectrum) and the microwave frequency are

measured. We want to know the parameters of the corresponding center in

a standard orientation.

Solution of both problems requires diagonalization of the spin Hamiltonian

matrix. The eigenvalues of the spin Hamiltonian are the energy levels of the
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system. The resonance condition is fulfilled if the difference between two

energy levels (in frequency units) is equal to the microwave frequency. Sim-

ple spin Hamiltonians can be diagonalized analytically and we get a direct

relation between v and B which depends upon the parameters. Both problems 1

and 2 are easily solved in that case. Under special conditions some more com-

plicated spin Hamiltonians can be solved using perturbation theory. Again a

direct relation between v and B can be derived and both problems are easily

solved.

For more complicated spin Hamiltonians without special conditions a com-

puter is needed for diagonalizations. A computer, however, needs definite num-

bers for its calculations. This means that problems 1 and 2 must be solved in

a reiterative way.

In the first problem the spin Hamiltonian is a function of the magnitude

of the magnetic field B only. Diagonalization of the spin Hamiltonian (with a

numerical value of B) yields the energy levels. The difference between two en-

ergy levels is again a function of B. If this difference is equal to the mi-

crowave frequency resonance will be observed. In an iterative process the com-

puter searches the value of B which satisfies the resonance condition. To de-

rive the whole spectrum of a given center this process is repeated for each

transition, direction of the magnetic field, and orientation of the center.

The second problem is more complicated. The measured data consist of di-

rection and magnitude of the magnetic field and the corresponding microwave

frequency. First we must decide which form of the spin Hamiltonian is the

right one. Therefore we need to know the symmetry and the spin of the center.

The symmetry can be derived from the angular dependent pattern of the spectrum.

Sometimes the pattern can not easily be recognized because of a superposition

of patterns. Sometimes the number and type of transitions indicate the value

of the spin, but often we have to try several different spin Hamiltonians. Ha-

ving chosen the symmetry and the spin Hamiltonian we must assign a defect ori-

entation and a transition to all data. Then the only unknown parameters left

in the spin Hamiltonian are the parameters describing the center, like g and D.

A least squares minimalization for these parameters is performed in order to

satisfy the resonance condition as good as possible simultaneously for all da-

ta. That means that for each iteration the spin Hamiltonian has to be diago-

nalized with the same parameters for all data.

If it is not clear from the features of the spectrum which resonances be-

long to which transition, we must try all possibilities. In such cases it is

wise to start with a part of the data which, for instance, originates from one

transition. As soon as a fit for these data is found, trying different transi-
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tions or even different spin Hamiltonians, the whole spectrum can be generated.

If the right spin Hamiltonian and transition were chosen this spectrum also ac-

counts for the remaining data. A final fit to all data can then easily be made.

3.4 The computer program

The computer calculations were performed on a CDC Cyber 173 computer. A

complete Fortran library named EPRLIB which is able to deal with a variety of

problems was written by G.M. Tuynman. The heart of EPRLIB is the least squares

routine ZXSSQ from the Fortran library IMSL. This routine is a finite diffe-

rence, Levenberg-Marquardt routine for solving non-linear least-squares pro-

blems. The routine does not need an explicit derivative. It chooses between

a Newton and a steepest-descent step. Around this routine a system of subrou-

tines has been built enabling us to generate or to fit spectra with a spin

Hamiltonian defined in the Cartesian or in a special coordinate system and

with a free choice of the plane in which the magnetic field is rotated.

As a matter of fact the user himself must supply the spin Hamiltonian for

the standard orientation of the center. In the course of time we programmed

nearly all spin Hamiltonians for all different symmetry types and for spins

in the range from S=- to S=-. Only some of the high spin and low symmetry

spin Hamiltonians are at present still missing. In addition some more compli-

cated spin Hamiltonians for a higher spin or including interactions with a

nuclear spin have been programmed.

In order to save computer time we do net transform the spin Hamiltonian

parameters to obtain the other orientations of the center. Instead the magnet-

ic field B is rotated. Moreover this is much simpler in the case of those pa-

rameters which are the coefficients of the terms with high powers of the spin.

Although this library is extremely convenient to fit spectra, the fitting

procedure can still be quite laborious. This can be due to properties of the

spectrum, or to the characteristic properties of ZXSSQ. It can be difficult

to recognize the symmetry and the spin of the spectrum, or to assign the tran-

sitions as has already been mentioned in section 3.3. In spectra with both ve-

ry anisotropic and nearly isotropic resonances, the errors in the anisotropic

part of the spectrum may be much larger than the errors in the isotropic part,

but it is not simple to incorporate this in a least squares fit with ZXSSQ.

One of the properties of ZXSSQ is the fixed magnitude of the steps increasing

or decreasing the parameters irrespective of the magnitude of the parameter.

Moreover it is sometimes known from theoretical considerations that certain
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parameters may only be varied a little around a certain value (for instance

g-values are often close to g=2)• To be able to deal with such problems

EPRLIB includes the possibility to shift and/or scale the parameters. But the

user has to determine, mainly by trial and error, how much scaling and shift-

ing is desirable.

3.5 Line intensities

An EPR spectrum yields more information than the position (magnetic

fields) of the resonances, all resonance lines also have an intensity. In

simple spectra all resonance lines usually have the same intensity. In more

complicated spectra the intensity of the lines can vary strongly. Under our

experimental circumstances the relative intensity of the lines of one tran-

sition can be calculated with the transition probability T:

T = l^l^'ji/z^l2 . (Pake and Estle 1973, p 150)

\j>. and \j>. are the i—th and j-th eigenfunction of the spin Hamiltonian of the

center. H' consists of those terms of the spin Hamiltonian which are time

dependent. These terms are the terms involving the magnetic component of the

microwave field.

If other terms in the spin Hamiltonian are small compared to the terms

involving B, the zero order eigenfunctions are simply base functions of the

spin and only transitions with Am =±1 and Am=0 are allowed. If these terms

without B are not small, the eigenfunctions are mixtures of the base func-

tions and transitions both with Am ^0 (forbidden hyperfine transitions) and

with |Am |>1 can be observed. Both phenomena were observed in spectrum NL19

(see section 5.2.3).

The intensity of the lines is not only determined by the transition pro-

bability, but also by the population of the energy levels. The population of

the energy levels is influenced by the temperature of the EPR observations

and governed by the Boltzmann factor (Orton 1968, p 71).

If the energy levels are very far apart, as in the case of a large zero

field splitting (see section 3.6), only the lower levels fill be populated

and no resonances from transitions between higher levels can be observed.

If EPR measurements at different temperatures are performed and the re-

lative intensities of the different transitions are observed, we can determine

the order of the energy levels. This technique was used for spectrum NL19 and

NL22 to determine the sign of the zero field splitting parameter D (see sec-

tion 5.2.3 and 5.2.4).
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3.6 Large zero-field splitting

The description of a spectrum with a spin Hamiltonian is not unique. In

general the lowest possible spin is the best choice. Sometimes however a

higher spin must be preferred for physical reasons. If for instance a transi-

tion-metal atom in silicon occupies a site of symmetry lower than cubic, the

degeneracy of the d-levels is so far lifted that there can be no effective

orbital angular momentum and the total spin can only arise from the electron

spins (Ludwig and Woodbury 1962). According to the adapted Lande formula

(Ham 1972) the g-values should then be close to g=2.

Using perturbation theory the equivalence of some descriptions for axial

symmetry can be shown. If a spectrum can be described with a half-integral

spin S, a large 2ero-field splitting (compared to the microwave frequency),

and g-values g ,, and gj_, the lowest Kramers doublet is far separated from the

other energy levels and can be described with an effective spin S' = 5, g\. = g,, ,

and gj_ - g^(S+j), see Pake and Estle (I973,p 127).

Therefore a center which can simply be described with S' = £, g ̂. -2, and
5

g]_-f> can equally well be described with S=-^, D>>v, and g,. =gj^-2. Of course

also a description with S" =-z, D>>v, g\\ -2, and g'^-3 is possible.

The hyperfine parameters in such a case have also different effective

values: I=|, S'==S, k\,= A,, , and Aĵ  = Ax(S+£) .

Computer calculations showed that similar transformations can be made

for systems with a symmetry lower than axial. A complication in such cases is

that the zero-field splitting is no longer described with one parameter. In

more detail the consequences of this complication can be found in section 5.2.5.

3.7 Hyperfine interactions

Hyperfine interactions play an important part in the determination of

the nature of a paramagnetic center. The splitting of EPR lines indicates the

presence of (foreign) nuclei with a nuclear spin and the hyperfine interaction

tensor often yields detailed information about the wavefunction of the para-

magnetic electron ( see section 3.9). We will show the effect of hyperfine .

interactions upon the paramagnetic resonance lines assuming that they are small

compared to the Zeeman splitting. For simple spin Hamiltonians the following

results can easily be derived using first-order perturbation theory (e.g. Pake

and Estle 1973, Watkins 1975, Sieverts 1978).

One nuclear spin I in a paramagnetic center splits the EPR resonance lines
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into 21+1 equidistant hyperfine lines with distances A. If isotopes with dif-

ferent nuclear spins are present different sets of hyperfine lines with, in

principle, different distances A occur. The relative abundance of the isotopes

will determine the ratio of the total intensities corresponding to each of

the isotopes.

If two or more nuclei are present on equivalent sites the spectrum

becomes more complicated, especially so if there are different isotopes.

Some examples can be found in table 3.7.

Table 3.7 Examples of hyperfine splittings

§ The very weak outer hyperfine satellites are omitted.

Schematic

line positions

and intensities

= A

I I

§

§ •

i

I I I

I I I

. I I I

Intensity

ratio

Number of Nuclear spin Example of

magnetic and abundance nuclei

nuclei of isotopes

I I

I I I

1 : 1

1: 40 :1

): 2 :9

1:1:1 :1:1 :1

1:1:1:267:1:1:1

1: 2 :1

81:36:166:36:81

0

I

1

1=0

1=0

1=1

1=0

I-i'

100%

100%

95.3%

4.7%

10%

90%

31P

28si+
30si

29si

56Fe+
54Fe

57Fe

1: 20 :1

1: 10 :1

1: 7 :1

1:12: 62 :12:1

2

4

6

8

1=0 95

4

.3%

.7%

28Si

29Si

100% 25 Mn

16o1=0

-I
I-i

1=0

I-l

97.8%

2.2%

100%

10%

90%

0

I7o

31P

56Fe+
54Fe

57Fe
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Even more complicated structures arise if there are hyperfine interac-

tions with several nuclei of different kinds of atoms. Examples can be found

in chapter 5.

We must emphasize that most EPR lines of paramagnetic centers in silicon

will show hyperfine satellites when the signal to noise ratio is sufficient-
29

ly large. Since 4.7% of the silicon nuclei is magnetic ( Si) there are al-

ways magnetic nuclei in the neighborhood of the center. The absence of any

hyperfine interaction is unusual. The heat-treatment centers for instance

show no resolved hyperfine splitting at all. This phenomenon is discussed in

sections 4.2.4 and 4.3.1.

A technique to determine hyperfine parameters with great precision is

Electron Nuclear DOuble Resonance (ENDOR). With this technique the resolu-

tion is much higher and hyperfine interactions which are not resolved in EPR

can easily be observed. A description of this complicated technique can be

found in Sieverts (1978) or Watkins (1975).

3.8 Estimates of the errors in the spin Hamiltonian paramaters

Errors arise from the width of the EPR lines, from the error in the

measurement of the magnitude of the magnetic field, and from the error in the

direction of the magnetic field. There are some other, less frequent and less

important sources of errors like overlapping of lines. The relative error in

the frequency is less than 10 and can be neglected.

The influence of each of these sources was estimated separately for all

data of a spectrum and expressed as an error in the magnitude of the magnetic

field only. Because of the complicated relations between the spin Hamiltonian

parameters and the data, the spectrum was simulated with a small variation of

each parameter to obtain the influence on the magnetic field. The error in a

parameter is chosen in such a way that it is the largest value for which the

variation in the magnetic field does not exceed twice the estimated resulting

error in the field for any of the data points.

The error in the direction of the magnetic field is only important for

very anisotropic spectra anü can be a result of the misorientation of the

sample or of the magnet. The errors due to misorientation of the sample could

be eliminated for some spectra (NLI9 and NL20) because a sample was fortui-

tously mounted in exactly the right direction. Misorientation of the magnet

could then also be minimized because the magnetic field could then really be

aligned parallel to the crystallographic directions of high symmetry in which
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the resonances of different orientations of the center coincide.

The error in the absolute measurement of the magnitude of the magnetic

field is about 0.2 mT. The error in a relative measurement (for instance rela-

tive to a reference line) can be much smaller.

The positions of the lines of the heat-treatment centers (see section 2.9)

were measured relative to the phosphorus lines. As these spectra are not very

anisotropic the errors in their g-values arise mostly from the linewidth.

The hyperfine splitting of NL19, NL20, and NL21 was determined from the

relative position of the hyperfine lines. This splitting was combined with

the calculated positions of the resonances without hyperfine interactions to

give the data for a computer fit of the hyperfine parameters. As the hyperfine

splittings are generally not very anisotropic the error in the hyperfine para-

meters mainly arises from the linewidth.

All other spin Hamiltonian parameters are afflicted with errors due to

the absolute error in the magnetic field, but generally the errors in the di-

rection of the magnetic field are more important. Only for NL19 the errors in

the parameters are determined by errors due to the linewidth and absolute er-

rors in the magnetic field.

3.9 Physical meaning of the spin Hamiltonian parameters

An extensive treatment for some parameters is given by Harriman (1978,

section 9). We shall restrict ourselves to a simpler treatment. For g, D, and A

we follow Watkins (1975). We consider the spin and orbital interactions for an

electron in an atomic orbital on a single atom, giving a Hamiltonian:

H = g^vJs.B + y_L.B + XL.t 3.9.1

g is the free electron g-value, u the Bohr magneton, B the magnetic field,
e B ,

and X the spin orbit constant (directly obtainable from optical spectra).

With care we can also extend the following results for defect states which

are spread over many atoms.

In first order the crystal field quenches the orbital angular momentum L,

so that terms involving L do not contribute. In second order we can describe

the system with a Hamiltonian:

B = g uBS.B - I l<0UBL.B*AL.Sln>|
2
 3,9>2

En~E0
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The sum is over all excited states and 0 denotes the ground state. Retaining

only the terms containing both S and B we get the g-tensor:

:£ ± ±
g = g T - 2XA 3.9.3

where A.. = I < O | L i | n > < n ' L j | 0 > 3.9.4
1J n En " E0

The deviations from the free-electron g-value arise from small amounts

of orbital angular momentum which exist in the ground state, induced by the

spin-orbit interaction XL.S .

Classically, the magnetic dipole (ufige?) induces a dipole (-2uBXA.S) .

Because the dipole may be easier to induce in some directions than in

others, g is a tensor.

Equation 3.9.2 also gives a term of the form S.D.S . The components of

D are given by:

D.. = -X2A.. 3.9.5

Dwith A., given by equation 3.9.4 . This is the spin-orbit contribution to

Classically this expresses the lowering of the total energy as a result of the

interaction between the induced dipole and the inducing dipole.

Equations 3.9.3, 3.9.4, and 3.9.5 imply a relation between the g-shift

and D :

D.. = |AAg.. 3.9.6

Equation 3.9.1 is only strictly valid for very tightly coupled electrons.

This requires that the exchange interaction J which couples the electrons by

a term JSj.t2 is large compared to the crystal field energies E -E_ in equa-

tion 3.9.2. This is apt to be true for transition metals where the electrons

couple strongly in the inner d-shells. For lattice defects of which the para-

magnetic electrons are outer-shell "valence" electrons, the exchange interac-

tion is comparabla to the crystal-field energies. A treatment of such defects

can not be made in this way and a proper treatment is extremely difficult.

For more extended defects the exchange will be much smaller than the crystal-

field energies. In this limit the spin-orbit contribution to D is reduced in

magnitude by J/<En-EQ>av giving D-vJCAg.-

Another contribution to D originates from the magnetic dipole-dipole

interactions between the electrons:
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trt2 3(f,.ï)(?.t2)
3.9.7

Integration of this operator yields D. This term tends to he the dominant

origin of D for defects whose wavefunction is spread over several atom sites.

The hyperfine interaction A arises from the dipole-dipole interaction

and the Fermi contact interaction:

H "
8 i 3.9.8

This operator has to be integrated over the spatial part of the electron

wavefunction to find an expression for A. If this wavefunction can be

written as a sum of atomic s-, p-, and d-wavefunctions:

V = I ni(ai^J + B^p + o? + B? + T? = 1 I n? = 1 3.9.9

the hyperfine interaction will be axially symmetric:

0 0

A. =

a.+2b.
ï ï

O

O

a.-b.
l l

a.-b.

3.9.10

The isotropic part arises from the s-wavefunction:

;NVNntat|i{is(0)r 3.9.11

where |ifi (0) \ is the electron density of the relevant atomic s-orbital of

atom i at the site of its nucleus.

The anisotropic part arises from the p- or d-wavef unction:

bi = I
or

bi = 1

3.9.12

3.9.13

-3 . -3 .
<r > is the expectation value of r weighed over the atomic p- or d-orbital.

2 2 2
The values T\. give the localization of the electron on eczh atom and a., £.,

2 x x

and Y- reflect the s-, p-, and d-character of the atomic orbitals.
Information about the distribution and kind of wavefunction as contained

2 2 2 2
ra the parameters n.f a., &., and y. can be obtained if the atomic wavefunc-
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tion parameters |i|> (0) j and <r •> are known. For a number of elements
s Pfi

values have been estimated from both theoretical and experimental data (see

e.g. Watkins and Corbett 1964, Elkin and Watkins 1968). Values for iron

were collected by Sieverts et al (to be published). |i|i, (0) | is about

28 8 and <r. > varies between 25 A for 3d -configurations and 40 A
5 3 d

for 3d configurations (de Vries et al 1975, Herman and Skillman 1963,

Morton and Preston 1978, Sieverts et al, to be published).

The cubic field splitting a in the spin Hamiltonian term

\ a {S4 + S4 + S4 - is(S+l)(3S2+3S-l)}

D X y Z 3

can be considered to arise from the fourth order Taylor expansion of the

crystal-field potential energy where the position x is replaced by the

equivalent operator S (Orton 1968).
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Chapter 4 Heat-treatment centers in oxygen-rich silicon

4.1 Literature survey

4.1.1 Oxygen in silicon

A review of the fundamental properties of oxygen in silicon such as sol-

ubility, diffusion,and detection with infrared spectroscopy has been given by

Patel (1977).

The maximum solubility, which is reached at the melting point of about

1415 °C, is M.8xlO18 at/cm3. At 1000 °C the solubility is about 2xl017 at/cm3

(Hrostowski and Kaiser 1959). Oxygen is always present in crucible-grown sil-

icon in concentrations nearly up to the maximum solubility. Due to the prepa-

ration technique of Czochralsky-grown silicon the oxygen concentration is not

homogeneously distributed across the crystals (Kaiser and Keck 1957). Zone re-

fining removes the oxygen for its greater part. The concentration decreases to

15 3 13 3

10 at/cm and by vacuum zone ref ining even to 10 at/cm (Pajot 1977). The in-

tensity of the 9 um infrared vibrational absorption is linear with the oxygen

concentration (Kaiser and Keck 1957).
-10 2

Oxygen diffuses faster than the doping elements (P, B, etc: D=10 cm /sec
at 1400 °C), but slower than most metals. The diffusion coefficient at 1400 °C

—9 2
is about 5x10 cm /sec, the activation energy is about 2.5 eV (Haas 1960, Takano

and Maki 1973, Patel 1977).

The preferential position of the oxygen atom is an interstitial bond-cen-

tered position. The two adjacent silicon atoms and the oxygen atom are not on

a straight line, but they are located in a triangular arrangement with a

Si-0-£i angle of about 100 (Corbett et al 1964). The oxygen atom can occupy any

of six equivalent sites around the Si-Si <111> axis. All this information was

derived from infrared measurements as described by Newman (1973 p 88 f f).

In the following,oxygen-doped silicon is defined as silicon containing

only isolated interstitial oxygen.

If silicon, doped with oxygen to about the maximum concentration, is heat-

ed at temperatures in the range from 400 to 1200 C for times varying between
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some minutes and weeks, at several temperatures centers are formed which act

as donors and at higher temperatures large clusters of silicon(di)oxide are

formed (Capper et al 1977). Many of these processes can be ascribed to the

diffusion and capture of isolated oxygen atoms. In this way the supersatura-

tion of isolated oxygen which is present in the temperature range 400 C-

1200 C in a sample cooled from 1380 C is decreased.

To get an oxygen-doped sample with about the maximum concentration the

sample must be cooled sufficiently fast from over 1300 C to freeze the oxy-

gen atoms before they can cluster.

Although donors are formed at several temperatures we will discuss only

the process of donor formation occurring in the lowest temperature range of

400-550 °C.

4.1.2 Heat-treatment centers formed at 400-550 °C

If oxygen-doped silicon is heated at 450°C the resistivity changes, as

donors are formed. The tjrmation rate and maximum concentration depend upon

temperature and initial oxygen concentration. The absolute maximum concentra-

tion of donors in the absence of other dopants or impurities is ^3x10 cm

The restriction that no other dopants or impurities must be present is rather

important. If acceptor elements are present in concentrations above 5x10 cm

higher concentrations of donors are formed (Fuller et al 1960). If the carbon
1 7 - 3

concentration is higher than 3x10 cm a lower concentration of donors is

formed (Bean and Newman 1972). It is also possible that metal impurities play

a part. The influence of impurities and doping means that we must characterize

the material used for a heat-treatment experiment as completely as possible.

Because the older articles are not complete in this respect we must be care-

ful in adopting their conclusions.

The techniques generally used to study the properties of heat-treatment

centers are resistivity, Hall effect, infrared spectroscopy, photoluminescence

and EPR.

Resistivity measurements yield information about the kinetics of the do-

nor formation. Kaiser et al (1958) give a survey of all results up to 1958

and combine them to a kinetic model. Some of the results used for their model

(all on not completely characterized materials) are:

a) The logarithm of the difference between the maximum donor concentration

and the donor concentration at a given time versus time gives a linear

relationship for times prior to the appearence of the maximum concentration.
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b) The initial rate of donor formation is proportional to the fourth power of

the oxygen concentration.

c) The lower the oxygen concentration, the lower the maximum donor concentra-

tion. The maximum donor concentration is approximately proportional to

the third power of the oxygen concentration (this was recently confirmed

by Gaworzewski and Schmalz (1980) in well characterized material).

d) The time necessary to obtain the maximum donor concentration at 450 C

increases with decreasing oxygen concentration.

e'I At 430 C the rate of donor formation is much slower than at 450 C.

f) Heating above 500 C destroys donor centers formed at 450 C.

From these and some more results Kaiser et al derived the kinetic model.

This assumes that oxygen clusters are formed some of which can act as donors,

especially the cluster of four oxygen atoms is considered to be a donor. The

whole process of clustering is represented by the "chemical" reactions:

k-l
Sin,0 + ° k * Sin°2 •

Si 0 + 0 * Si 0. ,
p 3 k q 4

m,n,p,q integers

The reaction constants k must have relative magnitudes such that after long

tiroes at 450 C an equilibrium is reached with a high concentration of clus-

ters with four oxygen atoms. At higher temperatures the equilibrium shifts to

the right, at lower temperatures to the left.

With this model a reasonable explanation can be given for all observed

phenomena in impurity-free silicon. The diffusion coefficient for oxygen at

450 C which Kaiser et al derive from this model is in good agreement with

extrapolations from high-temperature measurements. Gaworzewski and Schmalz

(1980) determined the activation energy of the diffusion at 450 C and their

value of 2.5 eV is also in excellent agreement with the high temperature

value (Haas 1960).

After this model was established the importance of the acceptor elements

was studied by Fuller et al (1960). The presence of a high acceptor concentra-

tion increases the rate of donor formation and the maximum donor concentration.

Besides the pure oxygen clusters probably also clusters of one acceptor atom

with one or more oxygen atom(s) act as donors. In 1972 Bean and Newman showed

that a high carbon concentration inhibits the donor formation. Their infrared

measurements showed that C-0 and C-0„ centers are formed.

Hall effect measurements yield the energy levels associated with the
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heat-treatment centers. Many different energy levels have been observed. Re-

cent work of Gaworzewski and Schmalz (1979) presents a survey and a systematic

study. It turns out that two different energy levels at about 130 and 60 meV

below E are associated with the heat-treatment centers, but that their exact
c

position depends upon the heat-treatment time, the longer the time the shal-

lower the level. Especially the shallower level clearly shifts from 60 meV

after 1 hr to 30 meV after 600 hrs. DLTS experiments on heat-treated oxygen-

doped silicon (Kimerling private communication) showed an energy level which

also shifted as a function of heat-treatment time.

Infrared spectroscopy shows many sharp electronic absorptions in the re-

gions between 50-65 meV and between 85-140 meV. Wruck and Gaworzewski (1979)

give an explanation of the infrared spectrum as a superposition of several

hydrogen- and helium-like donors. At 77 K both the low- and high-energy lines

can be observed. At 4.2 K the high-energy (helium-like donor) transitions dis-

appear. It is shown that the corresponding centers must be double donors. Also

the infrared spectrum depends on the heat-treatment time. After long heat-

treatment times the spectrum becomes more and more complicated, while it

shifts to lower energies. This indicates that more donors are formed which have

lower ionisation energies, in agreement with the Hall measurements.

Photoluminescence experiments have only recently been started (Tajima et

al 1980) and although strong photoluminescence spectra associated with the

heat-treatment centers are observed, their contribution to the knowledge about

heat-treatment centers is not yet very substantial.

Before we started our EPR work only a few EPR experiments on heat-treat-

ment centers had been done (Fletcher and Feher 1956, Feher 1959, Graff et al

1977). Our work has been published in a concise form (Muller et al 1978 and

1979) and will be described more comprehensively in this thesis.

Recently Helmreich and Sirtl (1977) proposed a different mechanism to ex-

plain the donor formation. Instead of the 0 clustering model of Kaiser et al

(1958) they proposed a model of one oxygen atom with trapped thermal vacancies.

However it is very unlikely that this new model is correct. Wruck and

Gaworzewski (1979) give already many argumerts against this single oxygen model.

Moreover the oxygen-vacancy complexes which are supposed to be the thermal do-

nors are all associated with well-known EPR spectra observed in irradiated si-

licon (Lee and Corbett 1976). However, none of these EPR spectra is observed in

heat-treated silicon. Instead a completely different set of strong EPR spectra

is observed (Muller et al 1978).Amore general objection to the one oxygen-

vacancy model is that Helmreich and Sirtl systematically neglect all experimen-

tal information on the kinetics of the donor formation which supports the

model of Kaiser et al and which can not be explained with the new model.
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4.2 EPR results on heat-treatment centers

4.2.1 Parameters and symmetry of the observed spectra

As a result of various heat treatments in various materials all together

ten different EPR spectra were observed. One of these spectra, labelled Si-G15,

was already known from EPR studies on irradiated silicon. The spectrum is as-

cribed to a carbon-oxygen pair in a divacancy (Lee et al 1977). The remaining

nine spectra were not yet reported and were labelled Si-NL8, NL9, NL10, NL13,

NL14, NL15, NL16, NL17, and NL18, extending the labelling system generally

adopted for irradiation defects in silicon (Watkins 1965), so as to include

heat-treatment centers. Their g-values, symmetry properties, and some other

relevant resonance data are presented in table 4.2.1.

Table 4.2.1 Principal values g., g_, and g_ of the new EPR spectra. The

accuracy is +0.00004 except for NL16 where it is ±0.0001.

Typical full linewidth at half maximum is denoted by AB. Tem-

perature range for observation is given in the last column.

Spectrum

NL 8

NL 9

NL10

NL13

NL14

NL15

NL16

NL17

NL18

g l
// [on]

1.99323

1.99758

1.99747

1.99770

1.99880

1.99926

1.9949

1.99799

1.99944

g 2

// [on]

2.00091

1.99847

1.99957

1.99949

1.99919

g 3

// [ioo]

1.99991

1.99917

1.99959

1.99974

1.99966

isotropic

1.9995

1.99946

1.9995

1.99982

isotropic

Po in t -

group

2mm

2mm

2mm

2mm

2mm

23,43m

2mm

2mm

23,43m

System

Rhombic

Rhombic

Rhombic

Rhombic

Rhombic

Cubic

Rhombic

Rhombic

Cubic

I

I

I

I

I

I

I

AB

(mT)

0 . 4

0 . 3

0 . 2

0 . 2

0 . 2

0 . 2

0 . 6

0 . 2

0 . 2

4
2

'4
2

2

2

4

2

2

T

(K)

.2-77

-10

.2-40

-40

- 6

-20

.2-20

-40

-10

Among the new spectra many nearly equal sets of principal g-values occur.

It was possible to distinguish between these spectra as they exhibit a differ-

ent behavior as a function of heat-treatment and EPR conditions. In particular

the g-tensors of NL10, NL13, and NL17 show very small differences. All three

spectra appear in the same sample, but fortunately they occur successively up-

on prolonged heat treatment. In our opinion these spectra are just signifi-

cantly different. If in a spectrum no angular dependence could be observed,
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even with the high resolution of the K-band spectrometer, we called it isotropic.

Spectrum G15 has a g-tensor reflecting 2/m or m symmetry. While NL15 and

NL18 are isotropic, the other seven new spectra show an angular dependence of

the g-values corresponding to point-group symmetry 2mm. So the associated heat-

treatment centers must have two mutually perpendicular {011} planes of reflec-

tion. Five of these spectra, i.e. NL8, NL10, NL13, NL16, and NL17 have g-ten-

sors which in addition exhibit approximate <011>-axial symmetry. This <011>-

axial symmetry is around the g -axis and is characterized by |g2~gol<s Igj-gol-

In the silicon lattice no atomic arrangement is possible with this axial

symmetry. It may however be an indication that the unpaired electrons of the

corresponding centers are principally accommodated in combinations of atomic

p-orbitals having their lobes in such directions that they form a nearly axi-

ally symmetric arrangement. In figure 4.1 an example is given of the angular

dependence of the g-values both for a g-tensor with and without approximate

<011>-axial symmetry. The pattern formed by the g-values when the magnetic

field direction is varied in the (Oil) plane reflects the 2mm center symmetry.

[1001 [011]

1.995

90"

Fig. 4.1 g-values of the EPR spectra NL8 and NL9 for directions 6 of the

magnetic field in the (oil) plane. Observed in a sample of material

pB.89 (see section 2.1) heat treated for 40 hrs at 450 °C.
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From figure 4.1 it appears that the g-values of NL8 are quite similar to

the values as reported by Graff et al (I977). However, while these authors

attribute their resonances to a center with <lll>-axial symmetry, we defi-

nitely established a different symmetry for the center corresponding to spec-

trum NL8.

4.2.2 Occurrence of spectra

From the intensity of the EPR spectrum an estimate of the concentration

of the corresponding center can be made by comparison with the referenence

sample (see section 2.9).A systematic study of the concentration as a func-

tion of heat-treatment time and temperature would enable a comparison with

the kinetics of the donor formation. However, it turned out to be very diffi-

cult to observe accurately the total intensity of the EPR spectra after all

heat-treatment times. The correlation between the growth of spectra NL8 and

NL9 and the formation of donors in material pBI.l (see section 2.1) is given

in figure 4.2. To calculate the donor concentration from the change of re-

sistivity it was assumed that this change was only due to singly ionized do-

nors. Conversion from p- to n-type occurs after 14 hrs. The sudden growth of

the spectra is presumably due to the rise of the Fermi level converting the

centers to the paramagnetic charge state. This means that the centers corre-

sponding with NL8 and NL9 are already present after short heat-treatment

times, but in the wrong charge state.

Fig. 4.2

The production of donors N, and paramag-

netic centers from the EPR spectra NL8

and NL9 in samples of type pBl.l as a

function of time of heat treatment at

450 C. p- to n-type conversion occurs

after about 14 hrs. After 10 hrs spec-

trum NL9 could only be observed under

illumination (*). Later experiments

with higher light intensities showed

that NL8 and NL9 could also be observed

after shorter times.

1C -
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It turned out that we could convert the charge state by illumination with

light as is shown for NL9 after 10 hrs. Using a high light intensity also the

NL8 center could be converted. However, the amount of centers which is convert-

ed depends upon the light intensity. Our light intensity was not sufficiently

high to saturate this process. As we were not able to calibrate our light in-

tensity accurately it was impossible to derive the kinetics of the formation

of NL8 centers from the growth of the NL8 intensity after short heat-treatment

times.

In table 4.2.3 a survey is given of the observations of all heat-treat-

ment spectra. When interpreting this table we must keep in mind the tricky

character of the measurements with light. Illumination can change the charge

state of the center, but in this process one or more energy levels can be in-

volved. Therefore we can only conclude that the center is present when we ob-

serve the spectrum and we can not conclude that the center is absent if we do

not observe the spectrum both with and without light.

Resistivity measurements showed that in all materials about 3x10 donors/
3

cm were formed by heat treatments of about 100 hrs; in materials pB.34 and

pBO.l even a little more. Table 4.2.3 shows that only in the boron-doped mate-

rials spectra with a sufficient intensity (comparable with 3x10 cm" ) were

observed (see also section 4.3.3). The spectra NL8 and NL9 may possibly be

associated with the major donor center(s) in boron-doped silicon. Of these

spectra a closer examination has been made which will be described in sections

4.2.4 to 4.2.6.

4.2.3 Table of the occurrence of heat-treatment spectra

A characterization of the materials can be found in section 2.1. The oxy-
17 3

gen content of the QC material pBl.l was about 9x10 0/cm , the other materi-
18 "\

als contained between 1.2 and 1.7x10 0/cm .

(1) EPR on the very low resistivity material pBO.l is difficult, only a very

small part of the sample can enter the cavity without disturbing it. This

means that the detection limit will be much higher, and that concentra-

tions can not be estimated from the intensities.

(2) The maximum concentration is only a rough estimate (see section 2.9).

The given concentration is the highest estimate in any material, after

any time and with or without light.

(3) Heat treatment at 550 °C only occurred after preceding long treatment at

450 °C.
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(4) Spectrum NLIO was already present after slow or fast cooling from 1300

to 1400 °C, it does not increase upon heat treatment at 410 to 550 C.

In QG material pBl.l it was present without any heat treatment, in
12 -3

a very low concentration (<5xlO cm )•

material nP.34 pB800 pBl.l pB.89 pB.34 pB.Ol maximum temp, for

spectrum

G15

NL8

NL9

NLIO

NL13

NL14

NL15

NL16

NL17

NL18

oooo

—

—

ooo

ooo

ooo

oooo

oooo

oo
ooooo

ooooo

ooo

oo
ooooo

ooooo

ooo

ooo

ooo

00

oooo

oo
ooooo

ooooo

ooo

(1) cone.(2) production
-3

2x10

10

10

4x10

8x10

2x10

2x10

3x10

10

5x10

13

16

16

14

14

14

14

13

15

14

410-450

410-510

410-510

(4)

450,550 (3)

550 (3)

450

550 (3)

450

450

no symbol: not observed, reason unknown, observation conditions perhaps not

fulfilled: Fermi level position, h.t. time, h.t. temperature, and

EPR conditions like temperature, modulation frequency, and phase.

- : not observed, observation unlikely, Fermi level in wrong position.

— : not observed, although all observation conditions were fulfilled.

o,,ooooo : spectrum observed, with or without light. The maximum concentration

o

oo

ooo

oooo

ooooo

as roughly derived from the intensity is given for each material:

mi
3

12 -3
<5xlO' cm detection limit ^5x10 cm , except for pBO.l (1)

5xlO12 - 5xlO13 centers/cm

5xiO - 5x10 centers/cm

5xl014 - 5xlO15 centers/cm3

5xlO15 - 5xl016 centers/cm3

spectrum observed, concentration can not be estimated (1).

4.2.4 Hyperfine interactions

To confirm the presence or absence of foreign atoms in the various cen-

ters we made an attempt to observe hyperfine interactions in the EPR spectra.

The most interesting impurity in this case is oxygen. Therefore we diffused

samples with 0 (see section 2.4). 0 nuclei possess a nuclear spin I =r,
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Fig. 4.3

The EPR spectrum NL8 for B// [lOO]

in sample pB.89, measured at 20 K.

Table 4.2.4 Upper limits of

hyperfine interactions.

Nucleus

29Si
17o
13C
IOB
U B
53Cr

abundance

(%)

4.7

2.2

1.1

19

81

9.5

I

1/2

5/2

1/2

3

3/2

3/2

upper limit

of A (MHz)

30

10

50

5

5

10

NL6

B // [100]

magnetic field (mTl

B10 812 eu 816 818

which can give rise to a splitting of the EPR lines into six hyperfine lines.

If one assumes that one equivalent oxygen atom is present in the centers, the

hyperfine lines corresponding with 2.2% 0 (our maximum enrichment) should

be about 270 times smaller than the main EPR line corresponding to 97.8% non-

magnetic oxygen. If more equivalent oxygen atoms would be present the inten-

sity of the hyperfine lines should be larger. In figure 4.3 it is illustrated

for NL8 that no hyperf ine lines with 0 were observed. Moreover no hyperf ine
29 13

satellites at all are visible while interactions with for instance Si, C,

B, B, or Cr could have been present. All these magnetic nuclei are pres-

ent in their natural abundance (see table 4=2.4). From the observed line-width

and -shape and the natural abundance of the various isotopes upper limits for

the hyperfine constants for each of these nuclei can be found. For the case

of NL8 these limits can be found in table 4.2.4.

Also NL9 showed no hyperf ine interactions. Because NL9 was observed with

the same signal to noise ratio as NL8, hyperfine interactions with the same

nuclei might have been expected. The upper limits for the hyperfine interac-

tions of NL9 are comparable with those given for NL8.

The other heat-treatment EPR spectra were observed with a smaller signal

to noise ratio. For them only hyperfine interactions with the more abundant

isotopes might be expected to be visible. No hyperfine lines were observed

in those cases either.

Some ENDOR experiments were performed on spectrum NL8. In order to ob-
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serve hyperfine interactions with 0 nuclei measurements on both sides of

the nuclear Zeeman frequency of 0 should be performed. At a field of 800 mT

this frequency is 4.62 MHz. Due to experimental circumstances measurements in

this frequency region were very difficult and no resonances could be observed.
29

0n the other hand we could observe some hyperfine interactions with Si at
29

about 2.4 MHz above and below the Si nuclear Zeeman frequency which is

6.77 MHz at a field of 800 mT.

4.2.5 Stress experiments

Spectra NL8 and NL9 were studied under [01l]-uniaxial stress. Application

of a stress of 2.2 kg/mm (=22 MPa) between 20 and 300 K did not induce any

changes in the spectra.

4.2.6 Shifting g-values

While we were trying to observe the growth of NL8 after short heat-treat-

ment times we observed an unusual phenomenon. Determination of the g-tensor of

an obvious NL8 spectrum observed after 1.5 hrs yielded a tensor which was

clearly different from the tensor determined after long heat-treatment times.

In figure 4.4 the difference between the spectra in the [ill] direction can

be seen with the two phosphorus lines as an accurate field calibration. In

figure 4.5 the difference between the angular dependent patterns is shown.

In the simple spin Hamiltonian H=\i B.g.S of an S=| center like NL8, a

g-tensor reflecting 2mm point-group symmetry can be written as

g =

g O O

The principal g-values are g,=g -g (!",// [oil]), g£=g +e (ty/ [oil]),

and g =g (g,// [lOO]). In figures 4.7.(1), (2), and (3) it can be seen how
j XX -J

g„,» g ,> and g behave as a function of heat-treatment time for samples wfth
x x yy yz

different boron concentrations and for different heat-treatment temperatures.

The errors in the determination of the individual g-values are about +0.0001,

but larger for both short and long heat-treatment times, due to obscuring

other spectra (NL10, NL9, etc).

We see that g does not depend on the heat-treatment time, but g and
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Phosphorus Reference
Heat Treatment Time 1.5 hr

B/ / I111]

Gain x 100
Gain x 100

1Heat Treatment Time 270hr Gain x

NL8

X100

Magnetic field (mT)

Fig. 4.4

EPR spectra of NL8 after 1.5 and 270 hr

heat treatment at 450 C. Microwave

frequency 23 GHz; sample temperature

8 K. NL8 can easily be observed in the

temperature range 6 to 30 K without

change in g—values.

HOG! inn 10111

_ Phosphorus
NUhttcme!5hr
Nl6httime270hr

2.000

1996

1.992 I I I I I I I 1
0°

Fig. 4.5

The g-value pattern of NL8 for mag-

netic field directions in the (011)

plane, after 1.5 and 270 hr. These

patterns were derived from the

principal g-values, which were de-

termined by a least-squares fit to

results for the [lOO], [ill], and

[Oil] directions.

NL8 h.t.time 100hr
B//I011]

811 812 813 815 816

Magnetic field ImT)

Fig. 4.6

The lineshape of the line at 815 mT

is asymmetric. Spectrum NL8; heat

treatment time 100 hr; B // [oil].
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a function of heat-treatment time

for samples with different boron

concentrations and for different

heat-treatment temperatures.

g have a nearly logarithmical time dependence. Neither the boron nor the

carbon concentration seems to have any influence on the change of the g-val-

ue. Whether the small difference between samples of type pBl.l and pB.89

must be attributed to a difference in oxygen content is not clear.

Heat-treatment at 480 C causes faster changes, while changes by 510 C

treatment are not faster than at 450 C. The errors at this temperature are

larger, however, as NL8 is fairly weak and obscured by other spectra like

NL10, NL13, and NL17.

A further phenomenon is the asymmetric EPR lineshape which is observed

after long heat treatment for those lines which are shifted most. This

asymmetry can be discerned in figure 4.4 for the EPR line at 814 mT. It is

more pronounced however in spectra for the [oil] direction, as is shown in

figure 4.6. The line at about 815 mT has a shoulder at the low field side

As line position (to calculate the g-values) the maximum of the line has

been taken . If the center of mass would have been taken, the shifts as

shown in figure 4.7 would have been slightly larger after longer times,

giving a departure from the logarithmic time dependence.
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4.3 Discussion

4.3.1 The nature of heat-treatment centers

EPR has shown that several centers are produced by heat treatment of

oxygen-rich silicon. One of the main aims of the project was to establish the

presence of oxygen in the centers. Because of the absence of any hyperfiae

interaction this aim was not achieved. Nevertheless EPR yielded other infor-

mation about the heat-treatment centers.

Because these EPR spectra are only observed in oxygen-doped silicon we

assume that one or more oxygen atoms are present in the centers. The spectra

NL8 and NL9 could only be observed in boron-doped silicon. Their concentra-

tion was somewhat related to the boron concentration. Therefore these centers

presumably involve a boron atom. This boron atom apparently converts to a

donor after capturing one or more oxygen atoms.

Resistivity measurements show that up to about 3x10 donors/cm are

formed. Only the centers corresponding with the spectra NL8 and NL9 are pres-

ent in a sufficient concentration and may possibly be associated with the do-

nor centers in boron-doped silicon. Also in material which is not doped with

boron about 3x10 donors/cm are formed. This does not necessarily mean

that we do not observe the main donor center in such materials with EPR as

will be discussed in section 4.3.3.

From the observed g-tensors a point group 2mm is determined for most

centers. This means that the arrangement of the atoms in these centers has

two mutually perpendicular {011} mirror planes. The additional approximate

<011>-axial character of the g-value of some centers indicates that the

wavefunction of the unpaired electron is nearly <011> axial.

The absence of any resolved hyperfine interactions is an indication for

the character of the wavefunction of the unpaired electron. This wavefunction

must give a low probability density on all nuclei. If the wavefunction is

localized and can be described by a combination of atomic wavefunctions,

these must be non s-type wavefunctions.

The probability density will also be low on all constituing nuclei if the

wavefunction is widely spread. This will be the case if the heat-treatment

centers are shallow donors. Firstly this follows from electrical and infrared

experiments (Gaworzewski and Schmalz 1979, Wruck and Gaworzewski 1979). The

shallow donor character of the heat-treatment centers is also consistent with

the position of their reduced g-values in the diagram of the reduced g-values

of all identified defects and impurities in silicon. The reduced g-values are
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constructed from the principal g-values as follows. The g-tensor is considered

to be axially symmetric. The most deviating principal g-value is the parallel

value g,,, the average of the other two principal g-values is the perpendicu-

lar value gj_. When plotting g,, against g x different types of defects turn

out to be in different sections of the diagram. This classification was first

described by Lee and Corbett (1973) and extended by Sieverts (1978 and to be

published). In figure 4.8 the diagram of all identified spectra and the small

region of the shallow donor type defects and impurities are shown. We see

that all heat-treatment centers have their g-values in this particular region.

Shallow donor type defects can be described with the wavefunctions of the

six minima of the conduction band (Kohn 1957). From the calculated g-tensor

for one minimum the g-value for an actual donor can be derived (Wilson and
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(from Sieverts to be published).
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Feher 1961, Liu 1962, Roth 1960). Table 4.3.1 gives the combinations of one-

minimum wavefunctions which are allowed in the case of 2mm symmetry. The

wavefunctions of types A„, B , and B„ are zero on one or two of the mirror

planes. The wavefunctions of types B and B_ allow an <011>-axial symmetry.

The probability density of the electron on atoms which are situated in these

mirror planes would not only be low because of the widely-spread character

but even zero by symmetry.

Table 4.3.1 Symmetry allowed combinations of wavefunctions of conduction band

minima in 2mm point-group symmetry. (Notation after Kohn 1957)

wavefunction wavefunction coefficients

symmetry

A, J ( 1, 1, I, 1, 0, 0)

A, ( 0, 0, 0, 0, 1, 0)

A, ( 0, 0, 0, 0, 0, 1)

A 2 J ( 1, 1,-1,-1, 0, 0)

B, ' i ( 1,-1,-1, 1, 0, 0)

Bo | ( 1,-1, 1,-1, 0, 0)

4.3.2 Shifting g-values

We can think of several possibilities to explain the shifting of g-values

as observed in spectrum NL8. We will discuss them in order of increasing pro-

bability. A complete explanation should account for the nearly logarithmic

time dependence of the g-values for times up to 500 hrs and for the asymmetry

of some EPR lines after long heat-treatment times.

The process of adding more oxygen atoms is unlikely to account for the

observed changes in the g-tensor. Such discrete changes in the number of

oxygen atoms can not be expected to cause the nearly continuous small changes

which were observed. It is, moreover, unlikely that the symmetry of the cen-

ter can be conserved in that way.

A second explanation for the changes of the g-tensor can be sought in

the interaction of NL8 centers among themselves or with other centers which

are present and are produced by heat treatment. The absence of any hyperfine

interaction which is observable in EPR can be caused by a very unlocalized

wavefunction of the unpaired electron (see section 4.3.1). A wavefunction

which is so far extended can easily give rise to interactions with other
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centers. EPR measurements when the position of the Fermi level was such that

in equilibrium only a small fraction of the NL8 centers were in their paramag-

netic state, did not exhibit any difference in g-value with or without infra-

red illumination, which changes the population of the paramagnetic stats. This

is an indication that the changes in g-values can not be caused by interac-

tions between the NL8 centers themselves, by means of their paramagnetic elec-

trons. Although interaction with other centers may present a possible explana-

tion, no model which accounts for the g-value changes and the asymmetric line-

shapes could be conceived in this way.

The third possibility is that the observed effect is caused by changes

in the structure of centers with a constant number of oxygen atoms. A super-

position of the EPR spectra from centers which are in different stages of

their structure change gives rise to the observation of an average g-tensor.

This explanation is strongly favoured by the infrared measurements of Wruck

and Gaworzewski (1979) who observed the successive formation of double donors

with slightly different ionization energies. They show only spectra after

short heat-treatment times. Pajot (Paris) did an IR experiment on one of our

samples which was treated for a longer time. This showed a much more compli-

cated spectrum. We can, however, group the lines into pairs in the same way

as Wruck did.

The Hall effect experiments of Gaworzewski and Schmalz (1979) showed an

energy level which has a nearly logarithmic time dependence for times between

1 and 500 hrs (this is the same range as in which the g-values have this time

dependence). This continuous shift of the level was also interpreted as a

superposition of the levels of successively formed donors.

If the EPR lines result from a superposition of lines from different

centers, the asymmetric lineshape is also conceivable.

We must still answer the question why different donors are formed after

longer times. The answer can be the strain release which is a result of the

decrease of the supersaturation of the solid oxygen concentration. We assume

that the favourable structure of the center depends on the amount of strain

in the lattice. If we assume that a center can only change its structure if

the temperature is high enough (perhaps even above 400 °C), we can understand

why our stress experiment had no effect upon the g-values, as we could apply

stress only at temperatures up to room temperature.

We do not know how much and in what way the structure of the center

changes on an atomic scale. Possibly only little, but it may as well be, for

instance, that the oxygen atoms which are arranged around the boron atom

(in 2mm symmetry) approach the boron atom while conserving the symmetry.
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Without a detailed model it is not possible to arrive at a quantitative expla-

nation of the lineshape and the nearly logarithmic time dependence. The ex-

perimental data are not sufficient to propose specific atomic models. Many

different models which are consistent with the data are possible.

4.3.3 Remarks

It is not clear how many of the nine heat-treatment spectra belong to

essentially different centers which are not connected by a continuous tran-

sition. Although spectrum NL16 is somewhat similar to NL8, no continuous

change from NL8 to NL16 could be observed, so it is likely that they are due

to different centers. On the other hand, another group of very similar spec-

tra, NL10, NL13, and NL17, has been observed. It is possible that these spec-

tra do not originate from essentially different centers, but arise from a

center with varying g-values, as for spectrum NL8. Moreover it can not 'be

excluded that distinct spectra arise from different charge states of the

same center. <

Spectrum G15 had originally been observed as a radiation defect. The ob-

servation as a heat-treatment center suggests a model which is different from

the model of Lee et al (1977). They proposed a carbon-oxygen pair in a diva-

cancy. It was difficult to explain the high production rate upon irradiation

with this model, but the formation of this defect after heat treatment at

450 C is unlikely as there are no vacancies available. Therefore a prefer-

able model for GI5 is a carbon-oxygen pair in a vacancy, i.e. a substitutio-

nal carbon + an interstitial oxygen atom. During heat treatment at 450 C the

interstitial oxygen atom diffuses and is trapped at a substitutional carbon.

During electron irradiation the carbon atoms become interstitial and are mo-

bile just above room temperature (Watkins and Brower 1976). They are trapped

at the interstitial oxygen atoms where they replace a silicon atom. Such a

carbon-oxygen pair in a vacancy can have the correct symmetry and is also in

agreement with the other EPR results.

Considering the charge states of the different heat-treatment centers

in connection with the position of the Fermi level we can try to understand

why no strong spectra with a spin S={ were observed in the high resistivity

material. If a center is the main donor center in high resistivity material,

the largest fraction will be neutral. If no foreign atoms are present in the

center, the neutral charge state will not have a spin S=|, as there are no

single unpaired electrons. Only the small fraction of the donor centers which
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is singly positive can be observed in EPR. If acceptor atoms like boron are

present, they can accept the electrons of the heat-treatment centers and

convert them to a paramagnetic charge state. However, these acceptor atoms

act as nucleation centers so that different donor centers are formed. These

centers involve an acceptor atom and have already a spin S=l in the neutral

charge state so that they can be observed in high intensities in EPR.

Probably spectra NL8 and HL9 correspond with boron-containing centers. This

means that the total concentration of the centers which are the main centers

in high-resistivity material will always escape EPR detection. Therefore it

is possible that for instance the spectra NL13 or NL17 arj"<i from donor cen-

ters which are formed in high resistivity material in concentrations up to

3x10 cm although these spectra were only observed with intensities

corresponding with at least a ten times smaller concentration.



50

Chapter 5 EPR on iron-deped silicon

5.1 Literature survey of iron in silicon

Iron is a fast diffusing element in silicon. The diffusion coefficient

at 1200 °C is about 7x10~6 cm /sec and at 900 °C it is still 10 cm /sec.

The temperature dependence in this temperature range is given by Struthers

(1956). Because of this very high diffusion coefficient, it is difficult to

prevent iron contamination during heat treatment at high temperatures (Weber

and Riotte 1978, Rijks et al 1979). The solubility as a function of temper-

ature as determined with neutron activation analysis (NAA) and EPR is given

by Weber and Riotte (1980), at 1200 °C it is about 1.5X101 cm"3, at 900 °C
13 -3

it is only 3x10 cm .

The preferential position of iron is the tetrahedral interstitial site.

This follows from the high diffusion coefficient, from results of a simulta-

neous NAA and EPR experiment (Weber and Riotte 1980), and from the electronic

model of Ludwig and Woodbury for substitutional and interstitial transition-

metal impurities in silicon (Ludwig and Woodbury 1962). This model will

shortly be discussed in section 5.3.1. By quenching from high temperatures

the iron can be immobilized in the interstitial site in concentrations up
16 —^

to about 1.5x10 cm .

Interstitial iron inn-type and high resistivity p-type silicon is para-

magnetic, the EPR resonance has a g-value of 2.070 (Woodbury and Ludwig 1960,

Berke et al 1976). Random stresses broaden the EPR line (Gehlhoff and Segsa

1977, Bendik et al 1971). Under uniaxial stress the line splits into two

components (Berke et al 1976). This means that the iron center has a spin

S=l, whose two resonance lines coincide in the case of perfect tetrahedral

symmetry. Samples doped with Fe show a hyperfine splitting of 20.94 MHz

(Ludwig and Woodbury 1960). All these facts indicate that the resonance

at g=2.070 arises from isolated interstitial iron atoms in the neutral

charge state.

Interstitial iron has an electrical level in the band gap at E +0.4 eV

(Feichtinger et al 1978, Gerson et al 1977). If the Fermi level is below
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E +0.4 eV, another resonance, associated with Fe., is visible. It can be de-
v l

scribed with an effective spin S=\, an isotropic g-factor of 3.524 and a hyper-

fine splitting with Fe of 8.949 MHz (Ludwig and Woodbury 1960). In low re-

sistivity p-type material no resonance of Fe. is observed. Probably Fe. is in

the doubly positive charge state, although no EPR resonance which can be

associated with Fe. is observed.

After slow cooling from high temperatures no interstitial iron is pres-

ent. The concentration of interstitial iron decreases after long storage at

room temperature or after annealing at 120-170 C with an activation energy

0.7-0.8 eV (Lee et al 1977a, Milevskii et al 1976). The mechanism of the

annealing is not yet completely understood. The various possibilities which

have been suggested are the clustering of iron (this thesis), the deposition

on dislocations (Milevskii et al 1976, Weber and Riotte 1978), the conversion

to substitutional iron (Bendik and Milevskii 1970) or the formation of iron-

acceptor pairs (Shepherd and Turner 1962) . EPR measurements confirm the existence

of iron-acceptor pairs. Ludwig and Woodbury (1962) identified the iron-boron,

iron-gallium, and iron-indium pairs. Recently also the iron-gold pair was

observed in EPR (Lee et al 1979, Höhne 1980, Kleinhenz et al, to be published).

Resistivity and Hall measurements show the appearance of several levels

upon the annealing of the E +0.4 eV level, mostly one at E -0.55 eV (Collins

and Carlson 1957, Bendik et al 1970). A review is given by Chen and Milnes

(1980). The relation of all these levels with iron is not yet clear.

5.2 Experimental results

5.2.1 Introduction

Iron doped samples (see section 2.5) were irradiated with fast electrons

of 1.8 MeV in order to study the interaction of interstitial iron atoms with

vacancies, interstitials, charge carriers, etc. Upon irradiation several EPR

spectra were formed. The stability of the corresponding centers was studied

by annealing up to 270 C. For comparison we also annealed samples which had

not been irradiated beforehand.

The first sample which was studied was of type nP118 doped with natural

iron (2.2% Fe). Two dominant spectra were produced after irradiation, la-

belled Si-NL19 and Si-NL20 (Muller et al 1979, unpublished). Upon heating at

70 C during a few minutes, extremely complicated patterns appeared in the

range between 0.2 and 1 T. An analysis of these resonances could not be
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completed because of the poor thermal stability of the spectra.

Further experiments were performed on samples of type nPI18, nP8.2, and

pB800 which were isotopically enriched with Fe. Both spectra NL19 and NL20

turned out to show hyperfine interactions with iron; NL19 with one iron nucle-

us, NL20 with two equivalent iron atoms (see section 3.7). After different

irradiation doses we identified in these materials a few more spectra showing

hyperfine interactions with two equivalent iron atoms: Si-NL21, Si-NL24, and

Si-NL25. After the smallest irradiation dosis (see section 5.2.9) the reso-

nance of Fe. (see section 5.1) could weakly be observed in some samples, due
1 I

to the shift of the Fermi level upon irradiation. Before annealing the number

of resonances was rather limited. We also analysed most of the resonances

which showed no resolved hyperfine interactions with iron. Many of them be-

longed to spectrum NL23 which has triclinic symmetry. In material pB800 a

pattern of strong resonances was observed, provisionally labelled E (see

section 5.2.8).

In all three types of samples many more resonances were present after an-

nealing than we could possibly analyse within a limited period of time. In

the preceding paragraph we discussed all resonances between 0.2 and 1.1 T,

with exception of the resonances in a field region of about 20 mT around

820 mT (the'normal'nearly isotropic S={ resonances around g=2). After the short

ir . diations and first annealing steps only a few of these resonances are

present. After long annealing a great many resonances arise in a region of

30 mT around 820 mT (see section 5.2.8).

Because we could not analyse all resonances which were observed after

annealing of the irradiated samples, we restricted ourselves to the lines

showing interesting hyperfine interactions. Besides the iron related spectra

NL19, NL20, NL21, NL24, and NL25 some more weak resonances showing a two-iron

hyperfine interaction were observed. Unfortunately we could not analyse them

as they were obscured by other stronger resonance lines for too many direc-

tions of the magnetic field.

The annealing of non-irradiated samples produced none of the irradiation

spectra. Only one, new spectrum (NL22, section 5.2.4) appeared.

In the next sections we will first describe the analysis of each of the

spectra. In those sections we will show many plots of the magnitude B of the

magnetic field for which resonances occur against the direction 6 of the mag-

netic field. These plots were calculated from the spin Hamiltonian parameters

with a frequency v=22.8722 GHz and mostly B in the (Oil) plane (see section

3.3 and 3.4). In the text and in the figure captions we comment the concur-

rence of the actually measured points with the calculated plots. The devia-
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tions of the datapoints are larger in the more anisotropic parts of the

pattern. In the figure captions an indication of the deviations is given for

both isotropic and anisotropic parts of the spectrum. Mostly the deviations

are smaller than the widths of the drawn lines in the plots. Data were taken

at least every ten degrees and mostly even at less than five degrees intervals.

All iron related spectra (NL19, 20, 21, 24, and 25) were very sensitive

to internal stresses. If these stresses were present the EPR lines broadened

and hyperfine interactions could hardly be observed anymore. The analysis of

the spectra was done for data from samples with smallest internal stress, as

was verified by observation of the angular dependence of the linewidth of the

Fe. resonance ( section 2.10).

In section 5.2.9 we will give a survey of the occurrence of spectra as a

function of irradiation dose and/or annealing. The rate of disappearance of

the interstitial iron lines will also be shown in that section.

5.2.2 Spectrum NL20

The angular dependence of the resonances of spectrum NL20 is shown in

figure 5.1.(1). This is the pattern of a <lll>-axial center if the magnetic

field is not exactly in the (Oil) plane. The four lines correspond to the

four possible orientations of a <lll>-axial center and are labelled after the

four directions: a = [Til], b = [ill], c = [ill] , d = [TIT]. If B is parallel
to a <100> direction, all four orientations are equivalent and resonance will

occur at only one value of B. The orientations b and c are equivalent for all

directions of B in the (Oil) plane. If there exists a slight misorientation of

the sample, B is not exactly in the (Oil) plane and the lines of orientations

b and c do not coincide. The resonance fields of orientations a and d are also

slightly affected by misorientation. The spectrum of a well-oriented sample

is shown in figure 5.1.(2).

Spectrum NL20 can be analysed with an effective spin S=2, but also with

a large zero field splitting D and a half integral spin S'>j (see section 3.6).
1 3

The spin Hamiltonians and the parameters for an analysis with S=r, S=-, and
5 II

S=^ are given in table 5.2.2.

In this table we also find the results of the analysis of the hyperfine

interactions with two equivalent iron nuclei and with one shell of silicon

atoms. In figure 5.2.(1) an example of a spectrum with hyperfine interactions
57 29

with 85% Fe (and 4.7% Si) is shown. The same spectrum in a sample with
57 29

only th.̂  natural 2.2% Fe exhibits the Si hyperfine lines (figure 5.2.(2)).
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[100] [011]
900

Fig. 5.1

Calculated angular dependence of spectrum NL20, with the parameters of table

5.2.2 and v=22.8722 GHz. The deviation of the measured points was 0.5-4 mT.

(1) Magnetic field B in a plane which deviates from the (Oil) plane by a rota-

tion over 4 around the [Oil] axis. This example with the large angle of

4 has been chosen to make the effect clearly visible on the scale of the

figure. In practice misorientations seldom exceeded 0.5°. Rotation of the

plane around a different axis yields the same kind of pattern, as the res-

onances with B// [Oil] are in first order insensitive for rotations over

small angles around any axis which is in the (Oil) plane.

(2) Magnetic field B in the (0Ï1) plane.

Fig. 5.2 •

EPR line shape of spectrum NL20 in a sample with 85% Fe (1) and

2.2% Fe (2). Along the horizontal axis the magnitude of the mag-

netic field in mT. The magnetic field is in the (oTl) plane, 30°

out of the [lOO] direction. The sample temperature is 1.4 K,

v = 22.8722 GHz, orientation d.
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Table 5 .2 .2 Parameters of spectrum NL20

symmetry: trigonal

3
H p B.g.? + , i enumerates Fe and 9Si nuclei

• • I

•-I
g x0 0

0 gj_ 0

0 0 g
II

, no fourth order terms are required

D
-3° 0

0 ~ D 0

o o h
A

D»V

S

g

A57Fe

1
2

2.059 ± 0.010

6.235 ± 0.015

14.4 ± 0.3

24.7 + 0.8

14.3 ± 1.0

28 ± 2

Ax 0 0

0 k±0

0 0 A

3

2

2.059 + 0.010

3.118 + 0.010

14.4 + 0.3

12.3 + 0.4

14.0 ± 1.0

13.7 + 1.3

,A± (MHz)

5
2

2.059 ± 0.010

2.078 ± 0.005

14.4 + 0.3

8.2 + 0.3

14.2 + 1.0

9.3 + 1.0

0.18 (5?Fe)
29

-1.11 (Si)

29

The shoulders of the central line are due to an unresolved smaller Si hyper-

fine interaction. These shoulders were not visible for all directions of B.

The intensity of the resolved hyperfine lines relative to the central line

suggest a shell of six equivalent Si nuclei (see table 3.7). For other direc-

tions the intensity ratio is different (sometimes a factor two smaller) while

the lines are broader. This can result from the lower symmetry of each of the

six equivalent nuclear sites with respect to the defect. On the other hand it

can neither be ruled out that the six sites are not equivalent. The resolution

of the hyperfine lines was not sufficient to allow a better analysis than one

with a <lll>-axial hyperfine interaction with six nuclei. The accidental near
29 57

degeneracy of the Si and Fe hyperfine interactions hindered a direct anal-

ysis of both hyperfine interactions from the Fe enriched samples. The addi-

tional measurements with natural iron were convenient when solving this prob-
57 29

lem. The complete patterns of all resolved hyperfine lines with Fe and Si

relative to the position of the central lines are shown in figure 5.3. These

plots were calculated using the parameters of table 5.2.2 (see sections 3.3
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and 3.4). The results for the various spin values differ less than the

experimental deviations. The magnitude of g has only very little influence.

11001

POOI 1211] (1111 [011]

P 30" Of 90T

JO'

Fig. 5.3 Calculated hyperfine splitting of spectrum NL20, with the parameters

of table 5.2.2, v = 22.8722 GHz, and B_L [oi l ] .

(1) Splitting due to Fe. The deviation from the measured line

positions was at most 0.01 mT.
29

(2) Splitting due to Si. The deviation from the measured line
positions was at most 0.03 mT.

5.2.3 Spectrum NL19

The angular dependence of the resonances belonging tc spectrum NL19 is

shown in figure 5.4. In this pattern we can recognize six sets,each of which

shows <111>-axial symmetry. If the orientation of the sample was not exactly

correct, the resonances corresponding with orientations b and c did no longer

coincide for all directions and the spectrum was slightly more complicated

(see section 5.2.2).
3

The whole pattern can be described with S=r. The spin Hamiltonian and
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Table 5.2.3 Parameters of spectrum NL19

symmetry: trigonal

3
S = ^

-+->•-> -+->-> ->-»•-*•
= UgB.g.S + S.D.S + S.A.I +

g =

gj.0 O

o gx o
O O g ,

~ D O 0
1 5

O -~D O A =
2

o o | D

AJ_ O O

O Aj_O

O O A,

g..= 2.1163 + 0.0010

g x = 2.0935 ± 0.0010

D = -7.84 + 0.03 GHz

A (5 ?Fe) gN

kji= -16.0 + 0.1 MHz gN/

Aj_ = ±14.7 + 0.5 MHz g

0 g 0
0 °X 8«/

s 0.18

= +0.35 + 0.05

parameters are given in table 5.2.3. The sign of D was determined from the

relative intensities of the different transitions at temperatures between

1.4 and 6 K (see section 3.5).

The pattern of figure 5.4 was calculated from the spin Hamiltonian para-

meters. The dashed part of the spectrum was not observed. This was due to

several reasons. The magnet could not produce fields higher than 1.1 T. Sta-

bilization of the magnet at fields below 0.2 T was very difficult. Therefore

we only observed one resonance of transition l-*->-4 (in the [l 11] direction) .

Some lines of the pattern which were rather strong (i.e. orientation d of tran-

sition l-e-v2) disappeared at certain directions of B. It was found that the

calculated transition probability was very low for those directions. The cal-

culated transition probability of transition 2-s-+4 is rather low for all direc-

tions. Moreover its energy levels do not have a high population due to an un-

favourable Boltzmann factor, so that the difference in population is also low.

For those reasons it was difficult to observe transition 2-e-v4.

In table 5.2.3 the parameters as derived for the hyperfine interactions

with the Fe nucleus in the center are given. The analysis of this hyperfine

interaction was not straightforward however. In figure 5.5 the line shape of

transition 2-+->-3 is shown for various magnetic-field directions and defect ori-

entations . Only the spectrum of orientation d in the f*l 1 ll direction is easy

to interpret. This interpretation, shown in figure 5.5.(1), is confirmed by

the same spectrum in a sample with only 15% Fe (figure 5.5.(2)). The split-

ting in this direction yields h.i . It is more difficult to find Aj_ as all

other lines are much broader and sometimes even asymmetric. The line of ori-

entation a at 12° out of the [l00] direction (figure 5.5.(3)) is the only

other one showing a distinct structure. The strong central line here is due
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[1003

1400-

1200-

1000-

B(mT)

[211] [111] [011]
I i I i i i I i

0* ~30°~
i
60°

l r
90°

Fig. 5.4

Calculated angular dependence of spectrum NL19 with the parameters of table

5.2.3, v = 22.8722 GHz, and Bl[oTl] . The dashed part of the spectrum was not

actually observed. The deviation of the measured points was at most 0.4 mT

for transition 2-<-»3 and 1.5 mT for the other transitions.
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4.7% 29s i

B//I111]
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(1)
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15% 57F|
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794 795
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B 58.5° out of [100]
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795

B//I011]
orientation a,d

705 834
r I i i

835

Fig. 5.5

Line shapes for different angles and orientations of transition 2«->-3 of spec-

trum NL19. Along the horizontal axis the magnetic field in mT; vertically the

intensity, for each figure in arbitrary units, v = 22.8722 GHz, T , =1.4 K,
-». _ 57 sample
Bl[01i]. The Fe concentration was about 85% except for (2) where it was 15%.
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to "forbidden" hyperfine transitie-3. Due to the intermediate value of D the

eigenstates of the spin Hamiltonian are mixtures of the pure eigenstates of

the electronic and nuclear spins. Therefore all four possible transitions be-

tween the two hyperfine levels of the original energy level 2 and the two of

the original level 3 are allowed. If B is parallel to a <11I> direction, the

eigenfunctions for orientation d are still pure electronic spin states and

only the two transitions which do not flip the nuclear spin are allowed.

Using the complete Hamiltonian, the two well-resolved spectra (figures 5.5.(1)

and (3)) can be explained with the parameters as given in table 5.2.3,

. The calculated angular dependence of the hyperfine lines is shown in

figure 5.6 with the parameters as given in table 5.2.3. The positions of the

outer lines of figure 5.5.(3) are determined by Aj_. The appearance of the cen-

tral line (consisting of the two "forbidden" transitions) is determined by g .

Using an isotropic nuclear g-factor we could not explain the further hyper-

fine structure. An anisotropic nuclear g-tensor represents a pseudo-nuclear

Zeeman effect (Abragam and Bleaney 1970). This term arises from the influence

of excited electronic states and can be derived from cross-terms between the

Zeeman interaction and hyperfine interaction (Baker and Bleaney 1958, Abragam

and Bleaney 1970). Woodbury and Ludwig (1960a) showed that for a <lll>-axial
3 3

system with S=r and a large zero-field splitting the influence of the m =±r
1 \ b z

states upon the m =±x states yields a nuclear g-tensor with g .. = g. = 0.18
S £. c-7 N// N

(the normal nuclear g-factor for Fe (Ludwig and Woodbury I960)), while g
N_L

may be quite different.

The asymmetric line shape can be ascribed to an isotopic D-shift (Watkins

1975a). This means that the zero field splitting D has different values for

Fig. 5.6

Calculated hyperfine splitting of

spectrum NL19, with the parameters

of table 5.2.3, transition 2«-*3,

v=22.8722 GHz, and B±[o7l]. Espe-

cially the transition probability

of the "forbidden" hyperfine inter-

actions (splittings between -0.1

and 0.1 mT) is strongly angular

dependent and is about zero for

the dashed parts of the lines.

I"»] [211] (Hi)
I 1 1 1—I I 1 I I

-02-

AB(mT)

101]]

30'
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umi inn [0111

60' 90"

Fig. 5.7

Shift AB of the resonance lines due to

a D-shift. The calculated difference in

line position between the cases with

D=-7.845 and D=-7.84 GHz for transition

2-<->3 of spectrum NL19; v= 22.8722 GHz,

B 1 [Oil] .

the different isotopes Fe and Fe. In that case the Fe resonance with an

intensity of 15% of the total Fe intensity will not coincide with the cen-

ter of the Fe hyperfine lines. Figure 5.7 shows the shift of the Fe line

around this center if D56„ is about 1.0005 times D57 . The prediction of

• this plot that not all lines will be asymmetric in the same direction is in

perfect agreement with the experimental observations. The D-shift of -5x10

is large compared to the other known D-shifts in silicon, found for spectrum

G29 corresponding with Sn in a divacancy (Watkins 1975a and 1975b). The D-

shift for this heavier atom is only 1x10 per unit mass. The D-shift of the

six near-neighbor silicon atoms of the Sn atom is -0.67x10 . We do not have an

explanation why the present value is much larger. Because EPR spectra of NL19

were not observable at temperatures above about 8 K, the phenomenon of the

change of D with temperature which is related with the isotope effect could

not be observed.

The last point we must explain is the angular dependence of the line

broadening. It is remarkable that this effect has no <lll>-axial symmetry.

This can be seen from the fact that the lines of orientation a are for instance

not identical for 12° and 58.5° out of the [lOo] direction (figures 5.5.(3) and

(4)). Probably this effect is due to the influence of the internal stresses

upon the line width. An experiment with uniaxial <011> stress showed that the

lines are indeed very sensitive to stress. A stress of only 1 kg/mm (10 MPa)

already broadened the EPR lines severely. Under these circumstances most lines

were broadened by about a factor of four but for some directions and orienta-

tions the lines broadened less. Especially the sharp lines of figure 5.5.(1)

broadened only 1.3 times by this external stress. The average distribution of

internal stresses is not necessarily <111> axial and might account for the ob-

served angular dependence.

All together we can explain the line shapes of transition 2«->3 of

spectrum NL19 in detail with:

1) the parameters of table 5.2.3, taking into account the calculated transi-

tion probability, which is especially strongly angular dependent for the



63

"forbidden" hyperfine transitions,

2) a zero-field splitting with a relative difference of 0.05% between
56Fe and 57Fe,

3) a stress induced line broadening which is not <111> axial.

The line shapes of those lines of the other transitions which have some

structure can be explained in the same way.

5.2.4 Spectrum NL22

The rotational pattern of spectrum NL22 consists of several patterns

which show the <lll>-axial symmetry of the corresponding center. The calcu-

lated pattern is shown in figure 5.8. The actual pattern was observed under

misorientation of the sample and the coinciding lines of orientations b and c

were split (see section 5.2.2). In first order the average value of their

resonances is a good approximation of the resonance for B exactly in the

(Oil) plane. The different <lll>-axial patterns correspond with different

transitions between pairs of energy levels and the whole spectrum could be

described with a spin S=4.

The spin Hamiltonian and parameters of spectrum NI22 are given in table

5.2.4. The presence of the term with the parameter G is not very significant.

Even if we do not incorporate this term in the spin Hamiltonian, the fit is

nearly as good as the accuracy of the data points. More accurate measurements

(more points at a slower scan rate) would give a decisive answer about the

Table 5.2.4 Parameters of spectrum NL22

symmetry: trigonal

S = 4 H = U g B . f . S + 1 . D . " S + ^ | a [ S « ( S ^

[ A > B ] + AB + BA

5Ö1Ö

g =

g,,

gj_

0

o ga

o o g//J
= 2.075 ± 0.002

= 2.068 ± 0.002

1Sz "

D =

- [3OS(S+1)-25]S2-6S(S+1) +3S2(S+1)2}z

J » Vu • D J I
: + -'-> +

o4 » ;
O - ^ D O

2
O O - D j

D = 2.694 + 0.010 GHz

a = 0.139 ± 0.004 GHz

F = -0.366 + 0.010 GHz

G = Q.03 + 0.02 GHz
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significance of this (and other) sixth order terms in the spin Hamiltonian (as

given by Orbach (1961)). The relative signs of the parameters D, a, F, and G

are already determined by the angular pattern. The absolute signs were derived

from the relative intensity of the different transitions at different temperatures.

Due to the Boltzraann factor the highest energy levels, labelled 7, 8, and

9 when the levels are numbered in order of increasing energy, are hardly popu-

lated and no resonances between these levels were observed. The resonances of

transitions l-*->2, 2-*->3, 3-^-+£t, and 4*-*-5 could all be observed. From transition

5-*->-6 only orientation d was weakly observed for some directions of the magnet-

1100]
1400

" B(mT)

1200-

1000-

[211] [111]
i i

[011]

Fig. 5.8

Calculated pattern of spectrum NL22 with the parameters of table 5.2.4,

v = 22.8722 GHz, and B J- [oTl]. The dashed parts of the pattern were not

observed. Points were measured every five degrees. The maximum deviation

of the calculated values was 0.5 to 2 tnT.
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ie field. The calculated transition probability for the other orientations was

found to be lower than for orientation d and their resonances might be expected

to disappear in the noise indeed. The calculated transition probabilities for

transitions l-«-»-3, 2-«-*4, .., 7-*-*9, l-<->4, ...etc turned out to be even lower,

and we did not observe any of their resonances.

The lines of NL22 showed no resolved hyperfine interactions. The typical

line width AB, of the various transitions was 0.7-1 mT, both in samples doped

with Fe and with Fe.

5.2.5 Spectrum NL21

The pattern of resonances (figure 5.9) reveals monoclinic I symmetry for

the center corresponding with spectrum NL21. This is the symmetry of, for in-

stance, the divacancy in silicon (Watkins and Corbett 1965). Each orientation

of the divacancy is labelled with two of the indices a, b, c, and d (the four

<111> directions as defined in section 5.2.2). The first one gives the direc-

tion of the vacancy-vacancy axis, the second one the direction of the distor-

tion from this axis. Together they determine the {011} mirrorplane of the de-

fect. Because spectrum NL21 deviates only a little from <lll>-axial symmetry

(see the likeness with NL20) such a labelling is also meaningful in this case.

The angular pattern of resonances in figure 5.9 is again a calculated pattern;

in this case the actual pattern was much more complicated as all resonances

except the resonances from ad and da were split by a slight misorientation.

In first order the average position of two splitted lines is a good approx-

imation for the position of the line in the (Oil) plane.

The spin Hamiltonians and the parameters are tabulated in table 5.2.5.

A fit with S={ is sufficient to account for the observed resonances. If we

try to fit the spectrum with S=^ we have too many degrees of freedom. We

only need four parameters, and even if we exclude the fourth order terms, we

have seven parameters. This means that for S=r the spin Hamiltonian parame-

ters can not be determined unambiguously. Several choices to limit the num-

ber of parameters are made in table 5.2.5. Of course we can do the same for

S=2>but this choice is left out in table 5.2.5 as it is neither the simplest

solution (that is S=2) nor a solution with g-values close to g=2 (that is

S=~). Moreover also in that case parameters can not be determined unambig-

uously.

The hyperfine interaction with two equivalent Fe nuclei is shown in

figure 5.1 I (see also table 3.7). The intensity ratio of the well separated
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Table 5.2.5 Parameters of spectrum NL21

symmetry: monoclinic I
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lines yielded a more accurate determination of the Fe concentration than

the determination from the common interstitial iron hyperfine lines which

always have some overlap (see section 2.10). The angular dependence of one

of the inner hyperfine lines relative to the central line is shown in

figure 5.10.
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1100]

800-

600-

400-

200
0°

Fig. 5.9

Calculated angular dependence of spectrum NL21 with the parameters of table

5.2.5, v = 22.8722 GHz, and B 1 [oil] . The deviation of the measured points

(or the average position of two measured points split by misorientation)

was 1 to 4 mT.

[100! 12111 [1111 10111

Fig. 5.10

Calculated angular variation of one of the inner hyperfine lines of NL21

relative to the central line for the various defect orientations with the

parameters of table 5.2.5, v = 22.8722 GHz, and f 1 [oTl]. The deviation

of the measured positions was 0.01 to 0.03 mT.
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i i i 1 1 i i r i i i i i i i i

373 374

Magnetic field (mT)

Fig. 5.11

Line shape of spectrum NL21 in a sample with 89% Fe. Spectrum for orientation

da, with B 0.5° out of the [oil] direction in the (0Ï1) plane, Tg l e= 1-4 K.

and v = 22.8722 GHz.

5.2.6 Spectrum NL23

The complicated pattern of resonances of spectrum NL23 (figure 5.12)

arises from a center with triclinic symmetry. The actual pattern was even more

complicated than the calculated pattern in figure 5.12, because all lines were

split into two lines due to a slight misorientation of the sample. In that

case all 24 possible defect orientations give rise to separate resonances.

The spin Hamiltonian and parameters are given in table 5.2.6. In this

case we did not try to find a description with a higher spin and g-values

close to g=2 (see section 5.3.1).

The lines of the spectrum showed no resolved hyperfine interactions.

They had a line width ABX of about 0.3 mT.
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Table 5.2.6 Parameters of spectrum NL23

symmetry: triclinic

C ^ —. s.g.s

o g2 o
0 0 g,

5.489

2~809

1.768

± 0.01

Y- angle between g. and its projection in the (Oil) plane

<S. angle between this projection and the [lOO] direction

-70.7*"

3.1°

19.0c

+ 0.3

-55 .5 "

-25.5C

65.5C

+ 0.4

[100J
1000-

[211] [011]

800-

0° 30°

Fig. 5.12 Calculated angular dependence of spectrum NL23 with the parameters

of table 5.2.6, v = 22.8722 GHz, and B _L [oil]. The deviation of

the measured points, i.e. the average position of two points split

by misorientation, was 1 to 2 mT.
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5.2.7 Spectra NL24 and NL25

Apart from the resonances belonging to NL20 and NL21 many other lines

showing a hyperfine interaction with two equivalent iron atoms were observed.

These resonances showed a strong dependence of both their intensity and their

hyperfine splitting on the magnitude of the magnetic field. At high fields the

lines are strong and well resolved (figure 5.13.(1)). At low fields the lines

are weak and it becomes difficult to observe their structure. The stronger

spectrum NL24 nevertheless could be observed for most directions of B, but

spectrum NL25 was obscured by other spectra for directions of B within 50

of the [lOO] direction.

(2)

B8L 885 886

883 BBi. 885 886 887

Fig. 5.13

57,Line shape of spectrum NL24 in a sample with 85% Fe (1) and in a sample

with the natural 2.2% Fe (2). Along the horizontal axis the magnetic field

in mT. B is 75° out of the [lOO] direction in the (07l) plane, v = 22.8722 GHz,

T = 1
sample ^
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It was found that the lines could be grouped with two or four lines to-

gether to form the two patterns shown in the figures 5.14 and 5.15. The

symmetry of these patterns is 222 (D ). The actual symmetry of the centers

corresponding with NL24 and NL25 must be lower (probably 2 (C )) because

222 symmetry yields only three different orientations while ten different

lines were observed. Point-group symmetry 2 gives 12 different orientations

of which six pairs coincide in the (oil) plane. Because the deviations from

222 symmetry are only small and because we could not separate out the effect

[100]
1100

[011]

300-

Fig. 5.14

The calculated average position of the resonances of spectrum NL24, with

the parameters of table 5.2.7, v = 22.8722 GHz, and B _L [oTl]. Around the

dashed line no resonances were observed. The calculated transition proba-

bility of this part of the pattern is low. The deviation of the measured

average positions was 1 to 3 mT.
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of misorientation we only tried to analyse the average positions of the groups

ot lines which are close together, with a spin Hamiltonian of symmetry 222.

The distances between the actually measured resonances and the average posi-

tions were up to 10 mT for both spectra.

The result of an analysis with S=- with all symmetry allowed parameters

is given in table 5.2.7. Other fits to different data sets yielded values for

the parameters which were different from the values in table 5.2.7 by 10 to

50 times the given error. Nevertheless the fits as a whole were just about as

good in all measured points. This means that in fact we do not need all eight

parameters but we can not make a meaningful choice among them. The deviations

of the experimental data for these spectra are larger than those of NL19 to

NL23. Altogether the fits of NL24 and NL25 are not very satisfactory. We also

tried to analyse the data with different spins up to S=-x- but no fits were

found.

Because we are not satisfied with the analysis, we made no attempt to

analyse the hyperfine interaction in detail. We will only consider the well-

resolved spectra in figure 5.13. The hyperfine structure with Fe in figure

1111] 1011]
800

600-

400-

Fig. 5.15

The calculated average position of the resonances of spectrum NL25 with the

parameters of table 5.2.7, v = 22.8722 GHz, and B_J_ [oil]. The deviation of

the measured average positions was about 4 mT. Around the dashed line and

in the range 0 to 50 no resonances could definitely be ascribed to NL25,

due to the low intensity of NL25 and the presence of obscuring other spectra.
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5.13.(1) is clear. In between those hyperfine lines are lines due to hyper-
29

fine interactions with Si. In this special direction A57.- is accidentally
29

equal to two times A29O.. The intensity of the Si lines (see figure 5.13.
Si

(2)) shows that eight silicon nuclei must have the same hyperfine interaction,
29

while the small outer lines may arise from two equivalent Si nuclei (see

table 3.7).

Table 5.2.7 Parameters of spectra NL24 and NL25

symmetry of the spin Hamiltonian: rhombic II

S = | H = V-B.g.S + S.D. S + \ a {S4 + S4 + S4 - |s(S+l ) (3S2+3S-1) } +

+ -^F{35S 4- (30S(S+l)-25)S2-6S(S+l)+3S2(S+l)2} +

1ÖU Z Z

1 2 2 + 7 S 2 ) + (S2-S2)14S }
z + — z

+ 1T{(S + S

(the last term corresponds to

g, 0 0

o g2 o

0 0 g,

--D 0 0

0 -E~D 0

0 0 |D ,

i-2 ëi v e n ^ Huang et al (1964))

D

E

a

F

T

NL24

3.66 ± 0.01

3.93 ± 0.01

2.12 ± 0.01

-2.32 ± 0.02 GHz

1.00 ± 0.03 GHz

16.79 ± 0.05 GHz

-95.2 + 0.2 GHz

0.03 ± 0.01 GHz

NL25

2.51 ± 0.01

1.47 ± 0.004

0.57 ± 0.003

-2.48 ± 0.02 GHz

2.00 + 0.03 GHz

-2.5 ± 0.2 GHz

-80.1 ± 0.2 GHz

0.84 + 0.01 GHz
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5.2.8 Some unanalysed resonances

Apart from the analysed spectra many more resonances were observed. We

will only mention two groups which had some remarkable properties. Spectrum E

(figure 5.16) has an intensity which is strongly field dependent. The inten-

sity of the high field resonances is large; in the [lOO] direction the lines

are nearly as strong as the lines of spectrum NL19. This is confusing as in

this direction the two nearly coinciding resonances of spectrum E have near-

ly the same average position as transition 2-«->3 of NLI9. At lower fields the

intensity decreases fast and due to the lack of hyperfine structure the lines

could not be distinguished from the many other weak resonances. The pattern

could therefore not be completed and no analysis was attempted.

[100]
900

700-

500-

Fig. 5.16

Angular dependence of spectrum E, v=22.8722 GHz.

Due to a slight misorientation the magnetic

field is not exactly in the [Oil] plane.

A second interesting group of resonances form those in a region of 30 mT

around B=820 mT (g=2, S=j). These resonances appeared after annealing of

irradiated n-type samples (nP118 and nP8.2). Slow scans of them showed that

even in the crystallographic directions of high symmetry ([lOO], [l 11] , and

[Oil]) at least hundred different lines were present. Moreover, the two

types of samples showed different resonances. We made no attempt to analyse

these resonances, as the severe overlap of so many angular dependent patterns

presents a too complicated problem to solve.
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5.2.9 Occurrence of spectra

In tables 5.2.9.1 and 5.2.9.2 we collect all data on the occurrence

of the analysed spectra in materials pB8OO, nP118, and nP8.2. The spec-

trum of Fe. is not included. This spectrum was only observed in a low
1 13 —3 17 2

concentration (<10 cm ) after a dose of 2x10 e/cm in materials

nP800 and nP118. Under each spectrum, those materials are left out in

which the spectrum was not observed at all. Table 5.2.9.1 gives the data

of samples which were irradiated and subsequently annealed. Samples of

type nP.34 were also irradiated, but only the resonances of Fe. and

phosphorus were observed. Table 5.2.9.2 gives the data of samples which

were annealed only.

The intensities of the observed spectra were converted to concen-

trations of the corresponding centers. Due to the differences in passage

conditions (Portis 1955) errors of a factor ten can be present when

comparing data of different spectra. The relative accuracy of the concen-

trations of the same defect in different stages is much better, the

errors will not exceed a factor two.

Most measurements were performed in high-resistivity material in

which the Fermi level hardly changes during irradiation and/or annealing,

so that centers will probably remain in the same charge state. (Dis)-

' appearance of a spectrum arises then from the dissociation or formation

of the corresponding center and not from a change in the charge state of

the center. Moreover the spectra disappear at the same temperature upon

annealing in all materials in which they could be observed. Therefore it

is likely that the centers are only stable up to this temperature, al-

though we can not definitely exclude the possibility that the disappear-

ance of the spectrum is due to a change in the charge state of the center.

1 AM Portis 1955, Technical Note 1, Sarah Mellon Scaife Radiation Laboratory,

university of Pittsburg, Pittsburg, Pennsylvania.
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Table 5.2.9.1 Concentration (c) of the centers corresponding with spectra in

samples which are irradiated and subsequently annealed.

treattnent(l)

dose

1017
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c < 1013 defects/cm

1013 < c < 2xlO13

2x10

4x10

13

13
c

c

4x10
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13

13

1016

(1) Prior to any heat treatment the samples were quenched from 1200 C (see

section 2.5). The irradiation dose was divided over two opposite sides of

the sample. The irradiation doses of the samples prior to the one hour

isochronal anneal were: material pB800: 1018 e/cm2

material nP118: 4xl017 e/cm

material nP8.2: 7x1017 e/cm2

(2) The intensities of the "g=2" spectra were not calibrated.



77

Table 5.2.9.1 continued

treatment (1)

dose
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Table 5.2.9.2 Concentration (c) of the centers corresponding with spectra in

one-hour isochronally annealed samples. Symbols have the same

meaning as in table 5.2.9.1
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5.3 Discussion

5.3.1 Introduction

Having analysed the observed EPR spectra in terms of a spin Hamiltonian,

we want to assign atomic models to each of the spectra. EPR yields a lot of

helpful information: the presence of foreign atoms, the symmetry, the spin,

the production rate, and the stability of the center.

Firstly we must establish how many foreign atoms, vacancies, and inter-

stitial silicon atoms are incorporated in each center. The hyperfine interac-

tion with Fe shows the number of iron atoms. No hyperfine interactions with

other foreign nuclei were observed, so that we will not include those in any

model. A comparison between table 5.2.9.1 and 5.2.9.2 shows that none of the

NL spectra produced in irradiated'material, is observed in samples which were

only annealed. Therefore we assume that these spectra arise from centers in-

volving one or more vacancies or silicon interstitials. For spectrum NL24

this argument does not apply. This two-iron center, formed during the radia-

tion induced diffusion at 20 °C (see section 5.3.8), is only stable up to

about 60 C. Thermal diffusion of iron, however, requires temperatures above

120 C, so that this center could not have been formed purely thermally, even

if it did not contain vacancies or interstitials. We will assume that the

centers involve vacancies rather than interstitials because the majority of

the irradiation defects, certainly if irradiated near room temperature, in-

volve vacancies and no interstitials (e.g. Sieverts 1978).

The production rate of the spectra NL19, NL20, and NL24 as calculated

from table 5.2.9.1 is comparable to the production rate of primary defects

(Corbett and Watkins 1965). Therefore these centers will involve at most one

vacancy. We will suggest the following models for them: NL19 - Fe.+V, NL20 &

2Fe.+V, and NL24 = 2Fe.. Spectrum NL21 has a lower production rate and is

more stable, therefore we assume that its center consists of two interstitial

iron atom plus two vacancies. Spectrum NL25 also has a low production rate,

but its stability is comparable to the spectra NL19 and NL20 which involve

one vacancy. Moreover the symmetry of NL25 allows a simple split interstitial

configuration of two interstitial iron atoms in a vacancy. The atomic compo-

sition would then be the same as that of NL20, but the charge state is dif-

ferent, so that the position of the Fermi level will determine the intensity

ratio of NL20 and NL25. It is also possible that it depends on the formation

process which configuration is formed. Because of the higher production rate

of spectrum NL20 this obviously will be the more likely configuration.
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Spectrum NL22 is observed in samples which are only annealed. Although

we did not observe resolved hyperfine interactions, we will suggest a cluster

of four interstitial iron atoms as will be outlined in section 5.3.7.

Spectrum NL23 and spectrum E showed no hyperfine interactions either.

In these cases we can only guess the atomic composition of the center and

we will not present models.

Having chosen the atomic composition of a center,we must arrange the

atoms in such a way that the center has the symmetry as observed in the EPR
29

spectrum. The information from hyperfine interactions with Si nuclei about

surrounding shells of atoms must also be taken into account. The models for

all centers are shown in figure 5.17.

Finally we must construct the bonds between the impurity atom and the

surrounding lattice, and arrive at a number of unpaired electrons consistent

with the observed spin. We will do this similar to the way in which Ludwig

and Woodbury (1962) describe transition metal ions in silicon. They suppose

that all outer electrons of an interstitial transition metal atom are accom-

modated in the 3d shell. This shell is filled according to Hund's rule even

though the degeneracy of the 3d levels is lifted (weak crystal-field approx-

imation). This yields for Fe. a 3d configuration with S=l. Asubstitutional
1 3

atom will use four electrons to form sp hybridized bonds with the four sil-

icon neighbors. Ludwig and Woodbury (1962) are able to construct the total

spin and to calculate approximate g-values using an adapted Lande formula

(Ham 1972) for all observed EPR spectra of single transition metal ions. The g-

values may differ considerably from 2 (e.g. Fe. , see 5.1) as the orbital momentum is not

quenched in cubic symmetry (e.g. Watkins 1975). If the symmetry is lower than

cubic, as is the case for all spectra described here, the orbital momentum is not

quenched in the ground state and the g-values must be close to g=2. This

means that for spectra NL20 and NL21, we prefer a description with a spin S=T

(see table 5.2.2 and 5.2.5). If spectrum NL23 is analysed with S=- the g-val-

ues are very different from 2 (table 5.2.6), while the symmetry is only tri-

clinic. Probably an analysis with S=r will be possible with g-values close to

g=2 and a D-tensor of which the principal values are large compared to the

microwave frequency. The g-values of spectra NL24 and NL25, given in table

5.2.7, are different from g=2. Although there was some freedom to vary the

parameters without worsening the fit, as discussed in section 5.2.7, it was

not possible to bring the g-values close to g=2. Besides the reasons mentioned

in section 5.2.7 this is another reason why we consider the analysis of NL24

and NL25 unsatisfactory.

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

at the observed spins if the individual spins in the center are ferromagne-

tically coupled.

Because all centers were observed in high resistivity material we only

consider models in which the centers are in neutral or singly positive or

negative charge states.

In cubic or lower symmetry the degeneracy of the 3d levels is partly

lifted. We will treat the resulting electronic configuration of the models

only briefly. We consider the energies of the 3d levels for iron in silicon

to be very close and a little below the energies of the 4s and 4p levels.

We will fill them according to Hund's rule.

5.3.2 Spectrum NL19

The center corresponding with spectrum NL19 probably consists of an in-

terstitial iron and a vacancy. To arrive at S=T the total center must be
' . 3

positively charged. Probably the iron will form strongly directed 4s4p hy-

bridized orbitals which bond with the four silicon neighbors. This leaves
3

three (8-1-4=3) 3d electrons resulting in S=r. Because the center has <!!!>-

axial symmetry the iron atom can not be exactly at the substitutional posi-

tion, but has to be shifted along a trigonal axis, for instance towards the

tetrahedral interstitial position (figure 5.17.(1)).

This distortion also follows if we apply group theory. Due to the crys-

tal-field of the silicon lattice the energy levels of the d-electrons in

tetrahedral symmetry split into a doublet and a triplet. For a substitutional

impurity (in this case iron) the triplet state with d , d , and d orbitals

has higher energy than the doublet state with d 2_ 2 and d i orbitals (Ludwig

and Woodbury 1962). Hund's rule localizes two electrons in the d o 2
 atld d n

xz_y.z zz

orbitals and the third electron in the triplet. This gives a degenerate ground

state, so that a Jahn-Teller distortion will lower the symmetry. In trigonal

symmetry the triplet splits into a singlet and a doublet. Group theory yields

the shape of the orbitals, giving -^(d +d +d ) for the singlet. The third
* J xy y" zx

electron can now be localized in this singlet orbital, which has the trigonal

<11 Indirection as its symmetry axis. In this way the degeneracy is lifted.

Alternative bonding configurations are also conceivable. For instance a
2

planar 3d 4s hybridization which only binds the iron with three of the four

silicon neighbors, directly exhibits the <lll>-axial symmetry. This, however,

leaves a dangling bond on the fourth silicon atom. Moreover d s orbitals are
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(1) Spectrum NL 19

(3) Spectrum NL21

(5) Spectrum NL22

(2) Spectrum NL20

(6) Spectrum NL24

Fig. 5.17

Possible models for the

centers corresponding with

the iron-related spectra.

O silicon atom % iron atom
(7) Spectrum NL25
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not as strongly directed in one direction as sp orbitals, so that they give

rise to a smaller overlap. Therefore probably more energy will be gained by
3

sp hybridization.
29

Hyperfine interactions with Si nuclei could only be observed with

B // [ill] for orientation d (see figure 5.5). The intensity of the Si

hyperfine lines shows that in this case there are three equivalent silicon

atoms which can indeed be found in the proposed model.

5.3.3 Spectrum NL20

For the center corresponding with spectrum NL20 we propose a model of

one vacancy plus two equivalent interstitial iron atoms. To arrive at the

<lll>-axial symmetry the atoms must likely be arranged as shown in figure

5.17.(2). In that configuration the central silicon atom accepts two electrons
2 3 . . .

from the iron atoms and bonds by d sp hybridization (McWeeny 1979) with the

six neighboring silicon atoms. This shell of six equivalent nuclei is in per-
29

feet agreement with the observed intensity of the Si hyperfine interaction
2 3

(see figure 5.2.(2)). Such a bonding with d sp hybridization was already

proposed by Masters (1971) for a split vacancy or semi vacancy pair. It is

also known from the SiClT ion.
o

In this way the two iron atoms remain interstitial. Each of them has

seven 3d electrons left. If the total center is negatively charged and the

iron spins are ferromagnetically coupled the total spin S equals - .

5.3.4 Spectrum NL21

For the center corresponding with spectrum NL21 a model of two equiva-

lent iron atoms and two vacancies is proposed. If we transfer 3d electrons to
3

4s4p states for bonding with the silicon atoms, we arrive at a total spin

S=4 or S=0 (in case of ferromagnetic resp. antiferromagnetic coupling), re-

quiring at least a threefold charge state in order to arrive at S=^. Moreover

the center would have <lll>-axial symmetry. Therefore a configuration as

shown in figure 5.17.(3) or 5.17.(4) is more likely.

In the model of figure 5.17.(3) the silicon dangling bonds pair off as

in the "empty" divacancy (Watkins and Corbett 1965). The iron atoms are near

their normal tetrahedral interstitial sites. Each of them has eight 3d elec-

trons. Ferromagnetic coupling and a singly positive charge state yield S=-.
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The long extended bond in this model is in fact hardly a bond. This suggests

a different model, shown in figure 5.17.(4).

In this model the iron atoms are situated near the substitutional sites.

One 3d electron of each of the iron atoms is transferred to a 4s4p hybridized

state to bind with one silicon atom. The four remaining silicon bonds are

still mutually paired off. Each iron atom has seven 3d electrons left. Ferro-

magnetic coupling and a singly negative charge state yield S=-y.

Comparing the two models we notice two major differences: the charge

state and the (non) - existence of iron-silicon bonds. Because NL21 was only

observed in n-type silicon a negative charge state is more likely, favouring

the second model. If a direct iron-silicon bond is present we would expect
29

resolved hyperfine interactions with Si. These were not observed (see for

instance figure 5.11). This favours the first model. All together we can not

make a meaningful choice between these two models.

5.3.5 Spectrum NL24

For the center corresponding with spectrum NL24 we propose a model with

only two interstitial iron atoms. The two iron atom are situated on equiva-

lent sites very close to a <100> axis to give the approximate 222 symmetry, in

the way shown in figure 5.17.(6) or on both sides of the central silicon atom.

In fact the figure shows a center with 42m (D-J) symmetry. In the similar case

of a <100>-split silicon di-interstitial Lee et al (1976, figure 8) show which

distortions of the defect lower the symmetry from 42m to 222 (D_) or even to
^ 5

2 (C„) . In a singly positive charge state the center will have a spin - if the

3d electrons of the iron atoms are ferromagnetically coupled.

The two iron atoms in figure 5.17.(6) have ten silicon neighbors around

them. In the approximation of 222 symmetry they can be classified in three

shells of respectively 4, 4, and 2 atoms which are equivalent by symmetry. The
29

observed Si hyperfine lines in figure 5.13 (see section 5.2.7) can arise from

these shells if the hyperfine interactions of the four-atom shells are acciden-

tally degenerate and about half as large as the interaction of the two-atom shell.

5.3.6 Spectrum NL25

For the center corresponding with spectrum NL25 we propose a model of two

interstitial iron atoms and a single vacancy. The two iron atoms are situated
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on equivalent sites very close to a<100>axis to give the approximate 222 sym-

metry (figure 5.17.(7), see also section 5.3.5). The dangling bonds of the four

silicon neighbors are paired off in the way as for the simple negative vacancy.

The spin S=- arises from the two iron atoms with S=l and a single positive

charge. This is a different atomic arrangement of the model for spectrum NL20 in

a different charge state (see sections 5.3.1 and 5.3.3).

5.3.7 Spectrum NL22

The model which we suggest for spectrum NL22 is a cluster of four inter-

stitial iron atoms.A possible <lll>-axial arrangement is shown in figure

5.17.(5), where one of the iron atoms is displaced along the axis so that it

is no longer equivalent with the other three. Also an arrangement in which all

four iron atoms are situated on a row along the <111> direction is possible.

The spin S=4 then arises from the ferromagnetically coupled spins of the

four iron atoms with S=l. The total center is neutral, in accordance with its

appearance in high ohmic materials (table 5.2.9.2). From this table we can

also note that NL22 is formed when the EPR spectrum of single neutral inter-

stitial iron starts to disappear. If this spectrum disappears fast (above

150 C) the intensity of NL22 also decreases, but it does not disappear com-

pletely. Under these conditions one can think that part of the four-clusters

are incorporated in larger clusters.

It is known that another transition metal, manganese also forms clusters

of four atoms in silicon. The spectrum of this center was described by Ludwig

et al (1959). Their model of a cluster with cubic symmetry was based upon the

well resolved hyperfine interactions with four equivalent manganese atoms.

In our case we did not observe a resolved hyperfine interaction with

iron for NL22. A possible explanation can be derived from table 5.3.7 in

which we compare some data on hyperfine interactions with Mn and Fe in silicon.

We note that the nuclear g-factor of manganese is about ten times larger

than that of iron. Using equation 3.9.11 and assuming the same electron

probability on the nucleus, this is in accordance with the observed hyperfine

parameters which are also about ten times larger for Mn. The cluster of four

Mn atoms has a hyperfine parameter which is at least three times smaller than

that of isolated Mn. If the same applies for iron, we expect that the hyper-

fine splitting of NL22 is at most 0.1-0.2 ml. Because the (in)homogeneous

line broadening (for instance due to random stresses) causes a linewidth of

0.7-1 mT (see section 5.2.4), it is not surprising that no resolved hyperfine
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splitting is observed.

Because the lines of NL22 show no structure in EPR we can not say any-

thing definite about the hyperfine interaction and the configuration of the

iron atoms. ENDOR measurements are necessary to solve these problems.

Table 5.3.7 Hyperfine interactions with Mn and Fe in silicon

55Mn 57Fe

nuclear g-factor 1.4 0.18

typical hyperfine parameter

of centers with one atom 120-270 MHz (a) 9-21 MHz (a,b)

hyperfine parameter of

cluster of four atoms 38 MHz (a) ?

(a) Ludwig and Woodbury (1962)

(b) this thesis, Kleinhenz et al (to be published)

5.3.8 Radiation Induced Diffusion

The fast disappearance of the Fe. resonance upon electron irradiation

(table 5.2.9.1) is not due to a change of the Fermi level. If this was the

case, we should have observed a strong Fe. resonance. This was not the case.

We must therefore assume that most iron is no longer interstitial after irra-

diation. Only part of it is traced in spectrum NL19 and in the pair spectra

NL20, NL21,NL24, and NL25. The remaining portion is part of centers which are

not observed in EPR. In all, approximately a concentration of 1 to 3x10 iron
3 17 2

pairs per cm is observed after an irradiation dose of 10 e/cm . The concen-

tration of nearest and next nearest neighbor iron pairs in a sample with a ran-

dom concentration of 1.5x10 cm is less than 10 cm This means that

during an irradiation of about 15 minutes at 20 C (see section 2.2) iron

atoms must have diffused over at least an average of 150 atomic distances. Ther-

mal diffusion over such distances requires a temperature above 120 C.

An explanation of the required diffusion distance can be found by assum-

ing Radiation Induced (or enhanced) Diffusion (RID). A number of possible

mechanisms of RID have been given: energy release, saddle point mechanism,

and others (Bourgoin and Corbett 1978), but it is extremely difficult to ob-

tain experimental evidence which mechanism is responsible in a particular

case. The driving force behind RID is the alternate capture of electrons and
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holes by which energy is directly released or potential barriers are alter-

nately reduced. The existence of RID has not yet been reported for iron

before. For the transition metals Co, Cu, Ni, and Zn in silicon this phe-

nomenon has been observed however (Koifman et al 1976).

Experiments on RID are rare and generally the results of different exper-

iments are not very consistent. Koifman et al (1976) show that some metals in

silicon diffuse already at a much lower temperature during irradiation. The

RID is yet thermally assisted as it shows a temperature dependence.

In samples which became too hot during irradiation (temperature above

70 C), no iron related spectra were observed. Under these circumstances all

iron has probably diffused into large clusters. The decrease of most pair

spectra upon prolonged irradiation (table 5.2.9.1) as well as the discrepancy

between the initial interstitial iron concentration and the total iron concen-

tration of iron related spectra after irradiation, are probably also due to

the formation of large clusters.

5.3.9 Hyperfine interactions with iron

An analysis of the hyperfine parameters of transition metals in silicon

in terms of atomic wave functions is complicated and does not lead to very

satisfactory results. In section 3.9 the formulas for an analysis with a

Linear Combination of Atomic Orbitals (LCAO) are given (formulas 3.9-9 to>

3.9.13). These formulas are derived in a one-electron treatment and they

have often successfully been applied to irradiation defects with a spin S=r.

However, these formulas can not be applied to centers with a spin S>-=. In

that case we can still use equations 3.9.11 to 3.9.13 if we replace the quan-
2 2 12 2 2 —3 2 2 —3

tities a n |tj/ (0) | , 3 n <r >, and y n <r > by effective wavef unction para-
? —^ ^ — ̂

parameters |I|I (0)1 <r > , and <r, > cc. We will use these modified for-
s erf p ef f d ef f

mulas to analyse the 57Fe hyperfine interaction of spectrum NL19 (see table

5.2.3).

The given model for NL19 (see section 5.3.2) localizes the three para-

magnetic electrons in 3d orbitals. Probably the isotropic part of the hyperf ine

interaction arises from core polarization of the Is, 2s, 3s, and 4s shells.

Using calculations of Watson and Freeman (1961) we estimate that the core
3

polarization for a 3d 4s configuration of a free iron ion corresponds with:

1^(0)1 = 3 8 . Using the modification of formula 3.9.11:

K l We calculate for M-19' l*s
(°)lff ~ 0-7 ^
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This experimental value is much smaller than the calculated value and

also than the actually observed values of the core polarization in many
j
i materials (Watson and Freeman 1961). This same effect was also observed for
I
J the gold-iron pair in silicon (Sieverts et al, to be published) and for the
t

! spectra reported by Ludwig and Woodbury (1962). A general effect of decrease

of isotropic hyperfine interaction of transition metal ions as a function of

the covalency of the host material has been noted by some authors (e.g. Jaros

1980, Ham and Ludwig 1963). This effect which is especially large for Ge and

/ Si is not yet understood however.

The anisotropic part of the hyperfine interaction must arise from the 3d

electrons. Using the modification of formula 3.9.13:

b 8 <rd "eff ' W e calculate for N 1 1 9 5 <rd >eff " ° - 6 * "

The values for <r > , of a free iron atom given in section 3.9 for various

3d configurations are much larger, but these are one-electron values. If the

unpaired electron spin arises from a number of (missing) electrons in the d-

shell, one must consider the total charge distribution of the configuration
-3

and the resulting value for <r > _,. For a closed or half-filled shell the
-3resulting <r > f. is zero. In silicon the 3d levels are split into a doublet

and a triplet (Ludwig and Woodbury 1962). Both the doublet states d 2 2 and
x —y

d 2 and the triplet states d , d , and d add up to an electron distribu-
z v xy yz' zx v

tion of cubic symmetry, forming a kind of closed subshell which also
-3

results in <r > _-. = 0. However, the three electrons of the model for spec-

trum NL19 (see section 5.3.2) are not all three localized in such a closed

subshell. Therefore this is not a sufficient explanation for the small value

of <r > cf Moreover almost all other transition metal centers also give

values for <r > ,£ which are an order of magnitude smaller than the free atomvalues (Ludwig and Woodbury 1962, Sieverts et al, to be published).

An explanation in terms of considerable charge transfer to (admixture of) or-

bitals on neighboring silicon atoms is not possible. In that case we would ex-
29

pect large hyperfine interactions with Si as observed for most lattice de-

fects, but these were not observed, neither for the other transition metal

defects, nor for NL19. A satisfactory explanation of this phenomenon has not

yet been given, although some attempts have been made (Ham and Ludwig 1963).

Because the analysis of the hyperfine interaction of NL19 is not very

successful, we will not try a quantitative analysis of the hyperfine interac-

tions of the pair spectra. On the one hand these spectra have about the same
57 29

hyperfine interactions with Fe and no large hyperfine interactions with Si.

On the other hand the analysis will be even more complicated because the spin

S=- is a result of the coupling of the spins on two atoms. Sieverts et al (to



88

be published) show the consequences of a coupling for the analysis of the in-

teraction in the case of the AuFe complex. In that case the interactions with

gold and iron can be distinguished but the analysis is still complicated. We

will restrict oi.rselves to a qualitative comparison of the different hyper-

fine interactions. The isotropic parts of the hyperfine interactions of NL20

and NL21 are both 10 to 11 MHz. The hyperfine spl-'rcing of NL24 and NL25

was not analysed, but corresponds probably also with a hyperfine interaction

with an isotropic part of about the same magnitude. This is in accordance

with the models for all these four pair spectra in which the iron atoms all

have the same electron configuration.

5.4 Conclusions

Irradiation of iron-doped silicon at 20 C yields many new EPR spectra,

part of which are related with iron. The following defect models have been

proposed: NL19=(Fe.+V)+, NL20= (2Fe.+V)~, NL21 = (2Fe.+2V)+ , NL24=(2Fe.)+,

and NL25 5 (2Fe.+V) . The model for NL19 is in fact a <111>- distorted substi-

tutional iron atom. The models for NL20 and NL25 differ in their detailed

configuration and in their charge state.

The formation of iron pairs and the disappearance of isolated intersti-

tial iron during irradiation at only 20 °C shows that iron is subject to

Radiation Induced Diffusion.

Annealing of iron doped samples above 120 °C yields one new spectrum,

NL22 for which we suggest a cluster of four interstitial iron atoms. Although

no resolved iron hyperfine interactions have been observed, the observed spin,

the formation kinetics, and a comparison with a Mn, cluster strongly support

this model.

Upon annealing at 25 to 200 °C spectrum NL19, associated with substitu-

tional iron,requires the presence of vacancies and does not occur spontaneous-

ly. This is a confirmation of earlier notions of the behavior of iron in

silicon (Weber and Riotte 1980).

From our results it follows that iron has a tendency to cluster during

the radiation induced diffusion. Under these conditions vacancies interact in

the clustering process. It has already been shown before that iron forms pairs

with acceptors (Ludwig and Woodbury 1962) and with gold (Lee et al 1979, Höhne

1980, Kleinhenz et al, to be published). It has also been found that iron is

deposited on dislocations (Milevskii et al 1976, Weber and Riotte 1978). Our

experiments on high resistivity dislocation-free silicon show that upon an-

nealing in such materials iron probably forms clusters.
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The level in the band gap at E -0.55 eV which has been reported to

arise upon annealing (see section 5.1) is probably associated with a cluster

with some definite number of iron atoms and not with substitutional iron

or a multivacancy-iron complex (Chen and. Milnes 1980).

The observed hyperfine interactions confirm that the atomic wavefunc-

tion parameters of iron in silicon are considerably reduced in comparison

to free atoms or atoms in ionic crystals, as is also the case for other

transition metal ions. :
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Summary

In this thesis we studied the behavior of high concentrations of inter-

stitial oxygen and of interstitial iron in silicon using Electron Paramag-

netic Resonance (EPR). Both impurities tend to cluster at the temperatures

at which they become mobile.

During annealing of oxygen-rich silicon at 400-500 C, centers are

formed which can act as donors. Our EPR study showed that ten dif/ferent spec-

tra appear upon annealing of various materials at various temperatures. Nine

of them were new and are labelled Si-NL8, NL9, NL10, NL13, Nil 4 ƒ NL15, NL16,

NL17, and N U 8 . We could not proof the presence of oxygen in tne centers due

to the absence of resolved hyperfine interactions. The presence of only very

small hyperfine interactions can be explained as a result of tthe shallow do-

nor character of the heat-treatment centers which is known from Hall measure-

ments and infrared spectroscopy. It can also be a result of tfhe symmetry

properties of the wavefunction of the paramagnetic electron.!

For most centers 2mm point-group symmetry was establish

probably involve ,a boron atom. The g-values of at least one

id. Two centers

of these centers

changed as a function of heat—treatment time. This is thougtt to be a result

of the formation of successive centers with the same number of oxygen atoms

but a slightly different structure. With this study we showed that there

exists not just one but a large variety of heat-treatment cetiters after

450 C annealing of oxygen-rich silicon.

The behavior of interstitial iron in silicon was studied by annealing

and by electron irradiation-and subsequent annealing of iron-aoped samples.

Annealing of iron-doped samples at temperatures above 120 C yielded

one, new spectrum, labelled Si-NL22. For the corresponding center we suggest

a cluster of four iron atoms in a trigonal arrangement. \
o :*

Irradiation at 20 C yielded many new EPR spectra, part of which are

related with iron. One center with only one iron atom in trigonal symmetry

was identified. Its spectrum is labelled Si-NL19. As a model we.propose a

<]ll>-distorted substitutional iron atom. Four centers involving two equiv-

alent iron atoms are formed. The spectra and models are:

Si-NL20 s (2Fe.+V)~, Si-NL21 = (2Fei+2V)
+/~, Si-NL24 = ^ F e ^ * , and

Si-NL25 = (2Fe.+V)+.

Many spectra without resolved hyperfine interactions with iron were observed.

Only one of these spectra was analysed. This spectrum, labelled SÏ-NL23, has

only triclinic symmetry.

The formation of iron-iron pairs and the disappearance of isolated
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interstitial iron during irradiation at only 20 °C shows that iron is subject

to Radiation Induced Diffusion.

From our study we conclude that isolated interstitial iron does not be-

come substitutional during annealing. Instead in high resistivity dislocation

free silicon, it forms pairs and eventually larger clusters.

A more comprehensive summary of the results on iron-doped silicon is

given in section 5.4.

Samenvatting

In dit proefschrift beschrijven we een onderzoek naar het gedrag van hoge

concentraties interstitiëel zuurstof en interstitiëel ijzer in silicium met be-

hulp van Elektron Spin Resonantie (ESR). Beide onzuiverheden hebben de neiging

om clusters te vormen bij de temperaturen waarbij ze beweeglijk worden.

Gedurende het uitstoken van zuurstofrijk silicium bij 400 tot 500 C

worden centra gevormd die als donor kunnen optreden. Onze ESR studie toonde

dat tien verschillende spectra verschijnen na uitstoken van diverse materialen

bij diverse temperaturen. Negen zijn er nieuw en worden Si-NL8 tot NL10 en

Si-NL13 tot NL18 genoemd. Door de afwezigheid van opgeloste hyperfijn inter-

acties waren we niet in staat om de aanwezigheid van zuurstof in de centra

te bewijzen. Dat er alleen kleine hyperfijn interacties zijn kan het gevolg

zijn van het ondiepe-donor karakter van de warmtebehandelingscentra, dat be-

kend is uit' Hall effect metingen en infrarood spectroscopie. Het kan ook het

gevolg zijn van de symmetrie eigenschappen van de golffunctie van het para-

magnetische elektron.

Voor de meeste centra werd een puntgroep symmetrie 2mm vastgesteld. Twee cen-

tra bevatten waarschijnlijk een borium atoom. Van tenminste éën van deze cen-

tra veranderden de g-waarden als functie van de uitstooktijd. We denken dat

dit komt omdat achtereenvolgens centra met het zelfde aantal zuurstof atomen

maar met een klein beetje andere stuctuur gevormd worden. Met dit onderzoek

hebben we laten zien dat er niet slechts ëën, maar een grote verscheidenheid

aan warmtebehandelingscentra ontstaat bij het uitstoken van zuurstofrijk

silicium bij 450 °C.

Het gedrag van interstitiëel ijzer in silicium werd bestudeerd door het

uitstoken en het met elektronen bestralen en vervolgens uitstoken van met

ijzer gedoteerde preparaten.

Uitstoken bij temperaturen boven 120 C levert één, nieuw spectrum:

SÏ-NL22. Voor het centrum dat hierbij hoort suggereren we een cluster van
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vier ijzer atomen in trigonale rangschikking.

Bestralen bij 20 C levert vele nieuwe ESR spectra waarvan een deel met

ijzer samenhangt. Eén centrum met slechts één ijzeratoom in trigonale symme-

trie werd geïdentificeerd: Si-NL19. Als model stellen we een <111>-vervormd

substitutioneel ijzer atoom voor. Vier centra met twee equivalente ijzeratomen

werden gevormd. De spectra en de modellen: Si-NL20 = (2Fe.+V) ,

Si-NL2l = (2Fe.+2V)+ , Si-NL24 = (2Fe.)+, en Si-NL25 = (2Fe.+V)+.

Vele spectra zonder opgeloste hyperfijn interacties met ijzer werden waargeno-

men. Slechts één ervan werd geanalyseerd. De symmetrie van dit spectrum,

Si-NL23, is slechts triklien.

De vorming van ijzer-ijzer paren en het verdwijnen van geïsoleerd intersti-

tiëel ijzer gedurende bestraling bij slechts 20 C tonen aan dat ijzer onder-

hevig is aan door bestraling geïnduceerde diffusie.

Op grond van onze studie concluderen we dat geïsoleerd interstitieel

ijzer niet substitutioneel wordt tijdens uitstoken. In dislocatie vrij silicium

met een hoge weerstand vormen zich in plaats daarvan paren en uiteindelijk

erotere clusters.

Populaire samenvatting

Transistoren, integrated circuits (IC's) en microprocessors (de zogenaam-

de chips) worden gemaakt van silicium kristallen. Deze kristallen bestaan

bijna alleen uit silicium atomen. Om de elektrische eigenschappen van de kris-

tallen te beïnvloeden worden hooguit een paar van elke miljoen atomen vervang-

en door anderssoortige atomen (b.v. fosfor of borium) . Als echter per ongeluk

andere atomen zoals ijzer of zuurstof in het kristal sluipen, kunnen deze de

goede werking verstoren. Dit kan gebeuren als het kristal heet gemaakt wordt,

bijvoorbeeld tijdens de produktie van IC's. Daarbij moeten we bedenken dat zo-

wel zuurstof als ijzer volop in de wereld aanwezig zijn, dus ook in de omge-

ving van het kristal. De invloed van zulke verontreinigingen wordt steeds be-

langrijker nu de verschillende componenten (onderdelen) waaruit IC's bestaan

steeds kleiner gemaakt worden. Dit proefschrift beschrijft een onderzoek naar

het precieze gedrag van de verontreinigingen zuurstof en ijzer.

Bij kamertemperatuur blijven zuurstof atomen rustig op hun plaats zitten,

maar vanaf zo'n 400 C vormen zich groepjes (clusters) die zeer hinderlijke

elektrische eigenschappen hebben. Wij hebben vooral gekeken naar het gedrag

van deze clusters. Bij nog hogere temperaturen vormen zich steeds grotere

clusters, die niet goed passen in het kristal en oorzaak kunnen zijn van de
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vorming van kleine (onzichtbare) barstjes.

IJzer atomen voelen zich al bij kamertemperatuur onrustig, en bij tempe-

raturen boven de 100 C blijken zich snel clusters te vormen. Ook deze kunnen

beschadigingen van het kristal veroorzaken.

Het blijkt dat zowel ijzer als zuurstof het kristal niet meer willen

verlaten als ze er eenmaal inzitten. Gezien hun hinderlijke eigenschappen

is het erg belangrijk te voorkomen dat ze de kans krijgen om het kristal te

verontreinigen.

Dankwoord

Ten eerste wil ik Eric en Gijs bedanken. Op verschillende manieren

hebben zij veel bijgedragen aan dit proefschrift. Ook met Michiel heb ik
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zal afronden. Frans Bekker ben ik dankbaar voor zijn psychische steun tijdens

de moeizame bouw van de cryostaat. Rob, Rudi, Jan, Henk en Ronald waren be-
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Zonder de technische en administratieve staf van het lab was er natuurlijk

niets van het in dit proefschrift beschreven onderzoek terecht gekomen. Met

name Bert, Bert, Herman, Hugo, Martin, Nico, Otto, Paul, Theo en Ton speelden

een belangrijke rol. Maar ook vele andere medewerkers van het lab hebben

kennis of apparatuur bijgedragen.

Mijn promotor Geert de Vries, co-promotor Rob Ammerlaan en co-referent

prof. dr. F. van der Maesen hebben het manuscript met zorg doorgewerkt. Van

hun opmerkingen heb ik dankbaar gebruik gemaakt.

Tot slot moeten nog mijn ouders genoemd worden die vele faren de juiste
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STELLINGEN

bij het proefschrift "An EPR Study on Clustering of Iron and of Oxygen
in Silicon", Amsterdam, 6 mei 1981, Saar Muller.

1) De electron spin resonantie bij g=2.031(2) in diamant (spectrum W8)
is niet van één centrum afkomstig, maar van twee verschillende centra
waarvan er slechts ëén een nikkel atoom bevat.

JHN Loubser and JH van Wijk, Rep. on Progress in Phys. 4JU 1201 (1978)
NJ Samoilovich, GN Bezrukov, and VP Butuzov, JETP Lett. j^_, 379 (1971)

2) In de vacature concentratie metingen van Ho et al» wordt ten onrechte
de "ingevroren" vacature concentratie verwaarloosd.

K Ho, MA Quader, F Lin, and RA Dodd, Scripta Met. U_, 1139 (1977)
K Ho and RA Dodd, Scripta Met. J_2, 1055 (1978)

3) Het is niet waar dat de hoekafhankelijkheid van de signaalgrootte van
een ESR spectrum een voorkeur geeft voor een beschrijving met S > \ en
D»hv boven een beschrijving met S= |-

TA Kennedy and ND Wilsey, EPR on defects in electron-irradiated InP:Fe,
Defects and Radiation Effects in Semiconductors, 1980, Oiso, Japan.

4) De rotatie waarmee Orton de vorm van de kubische veldsplitsing term
in een <lll>-axiaal stelsel bepaalt, is niet zomaar een willekeurige
rotatie, maar een heel specifieke.

JW Orton, Electron Paramagnetic Resonance, ILIFFE Books, 1968, p 62

5) Voor het elimineren van de invloed van in hoge concentratie aanwezige
componenten op de licht gekromde ijklijnen bij sporen bepalingen in de
analytische chemie zijn lineaire correcties voldoende.

J Kragten and A Parczewski, to be published in Talanta

6) In hun berekening van de effectieve recombinatie snelheid uit de relaxatie
snelheid en de recombinatie op de wand voor spin gepolariseerd atomair
waterstof, houden Statt en Berlinsky ten onrechte geen rekening met
relaxatie op de wand.

BW Statt and AJ Berlinsky, Phys. Rev. Lett. 45, 1205 (1980)

7) Het rode verkeerslicht dient voor fietsers en voetgangers in de meeste
gevallen vervangen te worden door een knipperend rood licht. Deze
ongevaarlijke verkeersdeelnemers mogen voortgaan bij knipperend rood
licht mits ze aan alle andere verkeer voorrang verlenen. Het continue
rode licht moet gehandhaafd blijven in onoverzichtelijke situaties.

8) Verkeerslichten die met een drukknop bediend kunnen worden, hebben meestal
een voorziening die een minimale lengte van de groenfase garandeert voor
het dwarsverkeer dat geen drukknop heeft. Als begintijdstip voor deze
minimale tijdsduur dient niet het moment van indrukken van de knop
genomen te worden, maar het eind van de roodfase van het dwarsverkeer.

9) Omdat de verkeersveiligheid mede afhangt van snelheidsverschi Hen, moeten
bromfietsen niet langer tot het langzaam verkeer gerekend worden.

10) Werkgevers die een sollicitant wensen te onderwerpen aan een psycholo-
gische test, dienen ook op te draaien voor de kosten van een daarna
eventueel noodzakelijke psychiatrische behandeling.
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