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ABSTRACT

Electron paramagnetic resonance was used to identify a

' numger of fast-neutron induced defects formed in plle irradiated
siliéon and to.follow their concentrations as a function of
anneal}ng. Measurements were made at 300°K, 77°K, and 4.2°K

on samples which had attained intrinsic resistivity during
irradiation, using superheterodyne spectrometers operating at

24 kMc and 9.4 kMc.

Aside from the previously reported Si-N center, the most
_prominent lines of the Spectrum_arise from the m, = 0 to +1
transitions of four spin | systems, The distinct symmetry and
small production rate (o 0.05 cénters per fast neutron collision)
Indicate a class of well defined but relatively rare defects.
Their .g tensors, zero-field splittigg tensors, énd hfs are com-
patible with systems having two weakly interacting <li1> dangling
bonds separaFedfby about a lattice spacing, giving the S = |
Hamiltonianskin the triplet levels formed by the weak exchange
interaction., Low temperature measurements suggest that the
singlet-triplet Spligtlng lies between 3 and 50 cm-l. Compar-
ison with floating zone silicon shows Center (Ii, Iil), which
is dominant in unannealed samples, to be indeéendent of impurity.
The remaining three S = | centers, which grow and decay rapidly -
at higher temperatures, involve oxygen,

Precise measurements of the parametérs of the spin Hamil-
tonians are given to permit reproducible identification of the

centers,




- 1. INTRODUCTION

Singe the lelectron paramagnetic resonance (EPR) of the radiation
induced defects: In neutron irradiated silicon was first reported‘by
Schulz-Du Bols and co-workers], the EPR study of neutron irradiated sili-
con has been exteﬁded by Nisenoff and Fanz, who made a detailed investi~-
gation of tHe Si-N center which accounts for the simplified spectra after

" partial annealing. The EPR study of electron irradiated silicon has been

made by Bemski3, and by Watkins and Corbettl‘.8 In greater detail. Watkins

and Corbett have identified several EPR centers and their detailed micro-

i » scopic structures, The ?PR spectra are belleved to arise from an unpaired
eleitron in a “broken bond'' orbital assocliated with a lattice vacancy '
either alone or in a trapped or agglomerated sgate. In the case of fast
neutron irrad{ation, more complex defect centers are expected. The

well-reso‘lved EPR spectra reported here, however, arise from weli defined N
structures and prbba?ly represent a class-of rather simple but relatively
rare defect;._ ' -a

Some of the Important factors in radiation effect studies are:
’ (1) the temperature of the sample durlng.lrradiatldn, which; among other
things,‘controls the diffusion of the mobile defects.(vacancies) and

affects the defect configuration to some extent; (2) the energy of the,. o

bombarding particles, which would give information on the threshold

“\\\ energy to produce a particular type of defect; and (3) the Fermi level
'\\ of the sample, which above all determines whether a given defect will be
' \ in a charge state which is paramagnetic. We havginot yet attempted ‘to
\ vary these féctors In a systematic manner. The .temperature and the
\ energy spectrum of the neutron flux depended qntth‘e, reactor used.

\
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Regardless of its lnstlal va lue, the resistivity of the

ably approached the lntrlnslc value of 105 ohm-cm after

17 19

'lntegrated fast flux exposure of IQ to 10 nvt.: The

locked near the mlddle of the forbldden gap and remalns

.annealung temperature of éSO C Thus-the present study

‘- give rise to EPR spectra near the free electron g-value.

sampleS'ldvarii"“
urradlatlon to anig
Fermi level is

there up.to,ahhhi

is confined to

| . -those lntrlnslc or oxygen'cohtalning defects which at room temperature

Thls:choicecof

Ferml‘level;'of course;'excludes a large class of paramagnetic defects

B whlch are probably present in substantial concentratlons.v'
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.'center, account for the most prOmlnent of the’ complex spectra observed;{:'




11. EXPERIMENTAL PROCEDURE

\ The silicon samples studied are listed in Table |I. Their initial

.
)

i
resistivities before irradiation ranged from 0.2 to 11 000 ohm-cm. After

17 to 10'9 nvt, the

fast neutron irradlation to. a total exposure of 10
resistivities all approached the lntrinsic value of 10S ohm-cm. Sample
| was Irradiated In the CA-5 reactar of the Argonne Natlional Laboratory at
a temperature of about 100%. The obsefved EPR spectra clearly showed
the effeﬁt of slow anﬁeallng In the reactor during the irradiation,
Samples 2, 3, and 4 weré irradiated in the graphite reactor of the

Oak Ridge National Laboratoﬁy at about 50°C. An extensive isochronal

annealing study was made on Sample 2 and the growth and decay of the

‘EPR centers were investigated. Samples 3 and 4 are vacuum floating zone

crystajs and were used to study the oxygen dependence of the centers.

The total fast neutron flux of each Oak Ridge irradiation was
calibrated using the 1.8 band absorp;lon of the control sample lncludgd
in the irradiation. The absorption coefficient of the 1.8 u'band in=-

creases linearly with the total fast .neutron flux in the range of 10]7

to 2 x 10]8 nvt, and has a proportionality constant of 41.3 + 0.5 cm-]

per IOI-8 nvtg. The integrated exposure thus callibrated was consistent
within 10% with the value supplied by the Oak Ridge National Laboratory
and defined by the comﬁaratlve rates of electron removal in germanium,
resistivity change in copper, and precipitation hardening experimeﬁts on
alloys]o. The 1.8 p absorption band, however, is very sensitive to an-

nealingx and cannot be used with the higher temperature Argonne Irradiations

where a discrepancy of as much as a factor of 10 is sometimes found., The

" total exposure of Jolg nvt quoted for Sample 1 is the nominal value given

by the Argonne National Laboratory.
v




A superheteiodyne EPR spectrometer operating ét‘24 kMc was built
- for the present st%dy. Its eésentlal parts consist of a reflection sample
‘cavity and three sets of balanced mixers, each followed by a 25 Mc IF
preamplifier and an [F demodulator. The first channel served to phase-
lock the local oscillator to the main klystron with a frequency offset
“of 25 Mc; the second to stabilize the main klystron frequency to an
external reference cavity; and the third to detect the EPR ﬁignal., Mag;
netic field modulation and lock-lﬁ detection at 500 cps were employed.
A simllar superhetero&yne spectrometer was used for X band (9.4 kMc)
measurements. | |
| The sample cavity was a TEIOZ mode rectangularAcavlty containling
a quarter wévelength sample slab chosen to give an optimum filling factor.
A tiny piece of ruby crystal (1.79 mg with 0.1% Cr+3) was mounted on ‘the
end wall opposite the sample as an internal intensity standard. From
the known field configuration, the relative amplitudes of the EPR signals
could be converted to gbsolute spin concentrations.
Room temberatu?e.mea5urements were made in the absorption mode.
At 77°K the measurements were made in both dispersion and absorption to
study the saturation behavior. At 4.2°K excesslive reia*atlon times cause
a transition to a new passage case in which derivative modulation inl
dispersion gives the normal absorption profile and thus poor resolution.
In some instances secqnd ha?monic detection could be used to recover the
derivative profile and improve the resolution. ‘
A Varian Assoéiates j2" electromagnet with aEZfIZS” gap supplied
\ the external magnetic field, which was rotated throﬁgh‘90° ina (110)

;plane of the crystal to lncludé the three simple crystallographic direc-
\

!




tfone; <100>, <Il]>,“andq<510>; fnevexact location of_che <100> axis
.‘Qae defermined by brelfhinary resonence measurements anqrthe reletiye:
’i”azamuth of the magnetnc fleld was measured to + 0. 1° o
By meaSursng the mlcrowave and proton resonance frequency wlth f.‘
:the same frequency counter,‘the ratio of the mlcrowave frequency ‘to the f“
‘ magnetfc field was determrned‘to five significant flgures, free fromymoet
f-'sySfematic'Instrumental erﬁors. | o
In a normal‘run,spectra were taken at 10° Intervalsiof'theqmageyf,if
7netic field.orientation.j For critical runs the Interval was Cuc,fO'Zéff ’

"thus each run conslsted of 11 to 46 recorder traces. 'To‘faCIlltate'“’i

nalys;s, the observed p054tions of the resonance llnes were plotted

against the angular displacement of- the magnetlc fleld
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\ | 8
O \ 111, HAMILTONIANS
\ |
\ The EPR spectra of the spin | centers .with which we are primarily
?
i .
concerned can be described by the spin Hami ltonian
=B HegeS +S.geS + 1, (A, .S +8,. H 1
H=BH g S +S g8+ 3 1 Gy S +8 1), )

with S = 1, The first term gives the Zeeman Interaction of the electron
spin with the external magnetic field and includes the anisotropic g=
| shifts, The second, or Zero-field splitting term, is frequently written

in terms of the principal values of the o tensor in the form

s-o:S =0l3s 2. S(S+1)] + E(S 2 - 2). ‘ o (2)
w ~ A 4 X y
where
D=lo E=—]( -0 )andtracea=0-“
2 “zz’ 2 Oxx " 9yyl? b ‘

The third term describes the hyperfine interaction of the electron spin
with nearby,Siz9 nuclei (4.7% abundant, | = %0 and the direct Interaction’
of the nuclear spins with the external.field‘_ in general, g and g are
tensors which reflect the overall syhmetry of the electronic wave function,
while the hyperfine tensors, ﬁ}' are sensitive to the details of the wave -
function in the vicln]ty‘of fhe.jsﬁ nqeieus, The direct nuclear Zeeman
infefactions represented by the';ensqrs Ej are uﬁresolved in our daté and
will be neglected.. |
‘Because of fhe'low abundance of Sizg, the strong lines of the
spectrum are given by setting the nuclear ferms;to zero,‘corresponding.

28 . ' ' : - '
to Si”" in the nearby lattice sites. It is thus convenient to treat the
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fine structure resulting from the electronic terms of the Haml ltonian
first, reserving tqe discussion of the weaker hyperfine satellites
‘structure for a later section.

The energy levels of the Hamiltonian

H=BH-g-5+5-9°3 | (3)

~

are obtained i:hippendix & by treating the zero~field splitting as a
perturbation. For.a giQen orientation of the external field we define
the effectlve.g value, 9 = [2- 22- 2]'/2, and the effective zero-field
splitting, Op = ,'5‘2‘.‘5' where n = H" H is the unit vector in the
dfrection of the external fleld and b = Ig.'gl -1 g9- 0 is the unit vector

in the direction of the effective field seen by the electron. For § = |

the transition frequencies are given by the expressions

| 3 ! 2 3 2

mg ==lto 0:" hv_ = geBH - 5 0, * (49, BH) ~ (tr g” - S 0,7) (4a)
- " 3 -l 2 3 2

m, =0 to +l: .hv+‘== 9<"e'B'H%+'i"’e + (4g, BH) " (tr g -5 0,7) (4b)

' - - o2 o 2
where tr g = jii o1 0 and tr 0" = :qu G'J .

For reasons of experimental convenience the traﬁsitions are ob~
served at constant frequéncy~¢ by varying the magnetic field. Let H;,
H_ denote the fields at which the m = 0 to + | transitions are observed
at the given microwavg frequency, v, and let'ﬁ = %(H+ +;H_). Then

Eqs.
eqwa:t:éeaé(lba), b) may be solved consistently to give -

2

- o, - KM, ) o | (5b)
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‘only Pﬁ;the final adjustment of the g tensor.

10

where in each équatioﬁ the errors are given by a factor [1 + 0(ea)],  S

wi th 'g‘kz(oé/geH).’.THe‘quahtiﬁies geziand o, are quadratic forms in"

- the direction cosines;of,xhe'qh}t vectors and thus show'the usual éoszéi ;'j“

variation when plotted against the azimuth angle, 9, of ﬁhe.éxterhaf “]f:inﬁ‘r;‘ﬁ

. field relative to 6ne'bf'thé'crystallographlc axes'l. BT }S,from-sgchE w.:i'fﬁ:

'angularmVaEWatloh'plots that the tensors g and g are determined. In the

~

| . siIiﬁonﬁcentérsfthé”procedure is somewhat simplified by the fact that -

- . o ! . T
the sgcond order terms in Eq. (58) are very small and need be Included * -
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\ IV. EXPERIMENTAL RESULTS

\ A.. Anisotropy of the Fine Structure Spectrum

Under conditions of random bombardment, a given defect of low
symmetry will be produced Qith equal probablliity in any of the 48 equl;
valent orientations genéra@ed by the point group (Oh) of the silicon
lattice. The number of distinct lines in the EPR spectrum which represent
a single transition is reduced to 24 by the invariance of the Hamiltonian
under invérsion, and to 12 by confining the external field to a (110)

plane of symmetry. Any special symmetry of the defect may still further

‘reduce the complexity of the spectrum; in particular, all the EPR centers

so far reported in silicon have Hamiltonians in which at least one axis
of each of the tensors lies along <110>, [n the absence of additional
symmetry, a plot versus external field orientation of the flne structure
representing a single transition In such a defect consfsts of 7 branches,
5 of which have double intensity. Among these branches there exist
several relations which serve as criteria of the consistency of the
assignment of the resonances to the set representing a single transitlonlz.
In particular, the crossing of these branches in the <001> orientation
give§ two lines of relative intensity 4:8; in the <l1i> orientation, three

lines in the ratio 3:3:6, and In the <110> orientation, four lines, 2:4:4:2,

Figure ‘1 shows the EPR spectrum of Center (ll; lil)'3 In the <l10>

“orientation. The two transitions, m, = 0 to + 1, give rise to two sets

of four lines. In Fig. | the lines are labeled ll‘of‘lll,,accordiﬁg to

the transition to whlgh they belong.
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Fléure 2 1Is an experimental plot of all the lines observed in the'

spectrum of Center, (11, (11). The light curves are hyperfine satellites
“and will be'discus;ed later. The 14 heavy curves representing the fine
structure are coded Qith'oben or closed circles to indicate the set to

which they belong, '
B. Experimental Hamiltonians

The experimentally determined parameters of the Hamiltonians for
the spin | centers and for the N center are tabulated on a consistent
basfs in Table 11. Our choice of coordinate axes Is specified in Flg. 3.

| To obtain accuracy sufficient to permit reliable identification |
in the crowded EPR spectra of the lines belonging to these centers, the
tabulated parameters have béen adjusted by a leas; square; procedure.
A tensor having a <110> axis has at most 4 independent elementé, so the
total of 9 distinct vqlues which are observed in the three simple orien-
‘tatlons provide an oveL-determlned set which has proved especially con-
venient for the adjusthent. The nine values are read from angular vari-
.atlon curves fitted by eye and hence represent all the data,while the
displacements caused by overlapping lines are not entirely random, so it
Is unlikely that a more elaborate treatment would yield greater accuracy. -
The tabulated mean residuals are a fair measure of the accuracy with which
the relative positions of two lines will be reproduced, and in fact curves
calculated from these Hamiltonians fit our data to + 0.5 gauss, or one

fourth to one half line width. The fit Is illustrated In Fig. 2, in

\ - .
\ which the curves are calculated and the diameter of the data points Is

.equal to the line width., Making allowance for possible systematic errors,

\
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<:)  we estfmate the absoluge SQCUracy to be'i .0001 in g-values, + 0.5 Mc in
zero ffeld splittings, t;O.Zo In 8, and t_O.So in B. |
When comparing experlméntal data it is inconvenient to calculate
thé position of each resonance llﬁe directly from thé corresponding Spiﬁ.
Hamiltdqian. ’FIgUrés 4a to'd‘show|the“angular.variatlon of the effectlvé
g values and zero field splittings, e and Og? reSpectlvely, as thenmagne-
tic field is rotated'in tHe (110) plane. If v is the microwave frequency,

the resonance fields for the m, = 0 to f,l transitions are given by

f

|

H = (gea)' h vl - %e): % oe],

-2 rl 2. 3 24
e=v " [ytro” -70,")

" where 9 and ce 3re taken from corresponding branches at the given angle.-

(:) To save clutter, the proper correspondence has béen.established by coding:
the lines: for example, two solid Ilne§ correspond if'eéch crosses a

dotted line ip the <111> direction. Where ambiguity exists, the branches

have been lettered. Selected values of 9e and Co are noted, together

'
|

with the correSpondlhg values of © where appropriate., The numbers in
parentheses indicate the relative intensities. At K band the maximum
value of ‘6 varies from 3 X l0-6 for Center (il, Il1) to 5 x'l‘O”5 for

) ’ i
Center (1,1'), and the correction term can be neglected for most purposes.
C. Frequency Dependence

For the S = ] centers Eqs. (5a) and (5b) show that the quadratic
forms, ge2 and Oe. are quite different functions of the two resonant fields,
H, and H_, th;h characterize the two transitions Belonging to a center

(:) in a given orientat?on. In principle only these functions should give
| : :
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,cohsisteﬁt’kos?@ plots, but in practice the anisotropies and zero-field

\grlittings observed in silicon are so small that spectra observed at a
single frequency can with equal consistency be interpreted as arising
from one $ = | system or from two independent $ = % systems. The correct
interpretation is established by correlating the two sets of branches in
pairg which show frequen;y lnhependent fleld splittings. This correlation
is necessary if the quantities H and (H+ - H_) are to be formed correctly,
and is Qnique except that additional information Is required to assign
m values and hence to determine the overall sign of g.

The excellent agreement of the K-band and X-Band parameters pre=
sented in Table 11 demonstrates the frequency independence of the Hamil-

- tonians and verifies the spin assignments. {n contrast, the apparent g
tensors which may be constructed for the m, = 0 to + 1 transitions sep-
arately show drastic changes with frequency. That for. ''Center 11", for
example, shows the smallest change, yet 94 shifts by .0080 from 1.997102

at 24.1 kMc to 1.9893, at 9.4 kMc. The discrepancy of .0080 is about:' '

7

100 times experimental error. The effect Is much more pronounced for

""Centers'' V, VI, 1, and |°'.
D. Isochronal Annealing

Growth and Decay Curves

Sample 2 (USSC #4, crucible grown, ORNL irradiation at T'szOOC,
¢ = 1.4 x 10]8 nvt)‘was carried through an Isochronal~énneal in the
following-steps; ;900 to 170°¢ in 10°¢C steps for 30 minutes; 170° to
ISSOCVIn 5°C steps for 30 minutes; and 200° to 500°C in SOOC steps for
60vm?nutes each, The heaf treatments were carried out in a high vacuum

quartz furnace,

R
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After eachistep of annealing, a complete measurement of the angular

|
variation of the EPR spectra at room temperature was made. The Q of the

sample cavity remained high through steps 0 to 17 (bOOoc) indicating that
the Fermi level remained in the middle of the forbidden gap, as expecfed
from previous work. The Q decreased somewhat after step 18 (450°C), and
quite appreciably after step 19 (500°C). at which point only unanalyzable
traces of resonance remaineg. The centers formed at or below 400°C are
thus characteristic of the intrinsic material. The room temperature
resistivity after the SOOOC-annealing, however, is still of the order of
105 ohm-cm and iIndicates only a slight shift in the Fermi level,

in the observed Spéctra resonance lines overlapped more often
than not, making amplitude comparis&ns difficult. Using the angular
variation plot for each run, all the lines which appeared in the clear
at each angle were picked out for amplitude measurement, giving 15 to 40
values'for'each set abd temperature,

To verify tha;{the branches assigned to a single transition did
in fact grow aﬁd decay together} separate annealing curves were construc-.
‘ted for each branchlai "For a given run, the branches-belonging to a set
showed a maximum spread of 2:1 in amplitude (after taking the expected
multiplicity of each branch Into account), with a standard deviation of
16% from the méan.r As several sets were followed over-a 20:1 variation
in concentration, the agreemeﬁt is convincing.

Figure 5 plots the‘annealing behavior of the mean amplitude of
each of .the sets of lines. The parallel growth ana decay curves of the
pairs of sets belonging to the spin | centers is strlklng and fully, |

confirms the field dependence studies. The standard deviation of each

e —————————— T T S
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point lies between 5 and.JOZ and is less than the apparent systematic
variafion of 15% observed in thé annealing curves of %ets il and {11
Below.l30°C'5: Each curve fs therefore self-consistent to + 207%.

The spin Hami ltonians of the N center and the four S = | cénters
have been discussed above. Center IX of Fig. 5 consists of three lines
which anneal together_and which do not belong to any of the other centers.
They show a weak angular variation and are obscured at most angles by
Center (Il,Alli): .Ihe visible portions are correctly described at
24 kMc by a g tensor with apparent g values of 2.009, 2,0032, and 2.0054
(+ 0.0003) ajong the three <100> directions. Aside from the annealing
data, this center is estabﬁished principaily by elimination, and it is
quite possible that its high symmetry is iliusory.

Figure 5 also clarifies the relation between Oak‘Ridge (T’:;SOOC)
_.and Argonne (T‘::IOOOC) irra&iations. . The N cénter and Set { were |
originally observed in unannealed Argonne irradiated mateflal containing
arsenic (Sample 1), the rest of the very complex spectrum being uninter-
|
Ipretable. After léolatlng Centers (I, '), (V, VI) and (VII, VIiI),
Ihowever, we have identified all the important lines in the Argonne Sampie
and find the relative defect concentrations to correspond roughly to
those in the pure Oak Ridge material annealed to a temperatd;e between
300 and 350°C, thus démonstratlng the effects of slow annealing in the
. pite,

Centers (11, 1Il) and IX aécount for the en;ire room temperature
spectrum up to the 180°¢ stage of annealing. This is Illustrated in
Fig. 2, which actyally plots every resonance observed. The few points
which do not lie %n Branches,calculated for Center (11, ili1) belong
either to the nexi-nearest-nelghbor hfs (i.e., '"triplet" structure), or

to Center IX.
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At higher annealing temperatures, the centers in Table || and

\Fig. 5 account for the most prominent lines of the spectrum; however at
Each stage perhaps one or two additional centers are present and give as
yet unidentified lines having amplitudes up to 30% of the main ones. In
pérticular{ tﬁere are some indications that a complex sequence of rear-
rangement sets in above 400°C, possibly in connection with the coagulation
of oxygen. Some of the unidentified lines are broad and represent sub-
stantlél defect concentrations. They are heavily obscured and it remains

to be seen whether further experiments will disentangle them.

Defect Concentratlions

Assuming the same line shape (gaussian) and identical experimen-

tal conditions, the relative concentration of two centers is given by

A, @H)

=

=TT 2
2 Az(de)

vwhere Ai is'the amplitude relative to the internal standard and AHl the

line width. The 207 uncertainty in.AH introduces an uncertainty of |.4:l'

in the concentrations. Further, the amplitude of the hyperfine sateliite

lines must be added to that of the main lines. Thl; correction amounts

to about 577 for Center (lI, 111), but has not beén applied in Fig. 5

as the hyperfine sateilites of the other centers are less certain. The

annealing curves of the figure therefore show only the relative aﬁplltqdes

of the fine struéture lines of various centers. |
From the amplitude of a center relative to that.of the internal.

ruby standard, its absolute conéentratlén can be estimated hsing the

relation
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where the symbols are defined as follows:

A .
T SHrf by L. relative filling factor = 0,216,

s {Hrf2> sample

S(S+l)-ms(ms+l)'

' ’ o = transition‘probability factor = .
S ) 2s+l
1 1 ‘ +3
a, = 1.02 Instead of 1 for the m, = -3 to + > - transition:of.Cr ~ In
ruby due:to. the matrix-element correction.
AH = line width
&H, = line width oﬁ‘ruby signal = 15.9 gauss. (Full width between In-
o ' ' flections).
+3 . . 16
N = number of Cr ~ spins in 1,79 mg of ruby ~ 2.07 x 10 ",
v, = sample volume = 1.03 x .43 x 093 = 4,12 x 1072 cmo.
As/Ar = amplitude ratlo
Cs, Cr = line shape factors: C_=C_, assum}ng the same line shape (gaus-

sian).

x\ The factor of 12 results frOm.thq fact that the amplitudes plotted In
\ Fig. 5 are for a single branch normalized to unit multiplicity.
\ The peak concentrations of the centers at various stages of an-
\ nealing are collected In Table Ill. The table includes corrections for

<:) \\(l) hyperfine satellite lines and for (2) singlet level populations for

!




, make these values unrellable as much as. by a factor of 2.  The flnal
‘concentrations range from 0.3 to 1.0 x 10 6 centers/cm3..»Taklng the ;

' ‘average elastic scattering cross section of silicon atoms for fast neu=- -

' nvl The production rate thus ranges from 0.01 to 0 05 centers per col-v-

19

“‘the spin'| centers. For Center (11, 111), for example, weak satellites. - .

(4.9%) and the "triplet" satellites (23.6%) give rise to ~ 57% hfs

correction. _For Centers (V, V1) and (Vi1, VIID), only the.“trlplet”‘

satellutes are taken into account and hence the 50% correctlon is only ;f;yir
o approxlmate. For " the N center, no ”trlplet“.structure was observed and gi}”t'b"if"
. the correctuon represents ‘the contrlbutlon of the weak satellutes alone.ilQ1<Tw-,
The sanglet level populatlon correctlons for spin | centers were assumed . hh '5:‘:
to-be + % by tak»ng a stat'stical welght of /4 for the singlet‘levelsqf::t‘{%j’

" and neglectang the Boltzmann factor

In add:t;on to the uncertainty in the Cr 3 fon concentration.ln jf"

the ruby standard, the scatterung in line widths and the hfs correctlons

1

26 2 16

tron'flux.to be ~3 x 10 em”, the number of collision events perhb-?ﬂf;lj

.unlt volume us 2.1 x IO‘7 cm-3 for'the Integrated expoéure of 1.6 x lOlsﬁ : :

i

-lislon.‘ In view of the large number of knock-ons (=~ 20) expected, the

~small value obtained for the»productlon rate appears to be significant.

E.  Low Temperature Measurements

Prellmlnary measurements at 77% and 4, 29K Were~made to look for .

reoruentatlon effects analogous to those seen ln the N center, and to’

. search for evndence of depopulatlon of the trlplet level and thus obtaln;;

an estamate of the slnglet trnplet level Spllttlng Some seml-quantl-*

tative lnformatlon on- relaxatlon tlmes was obtalned lncldentally. '.

N
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<:) , Two samples were prepared from the same material as Sample 2,
\\one unannealed and showing Cénters (l1, 111) and tX at room temperature,
}and the other annealed to 350°C and showing Centers N, (V, Vi), and (I, 1').

At 77°K, nothfng unexpected was encountered. Saturation effects
were pronounced, but measurements could be made in elther dispersion or:
absorption, andAwere.lﬁ agreement. The spectra of Centers (11, 111),

(v, Vi), and (I, 1') were ﬁn]y slightly altered, indicating changes which
only sfightly exceeded experimental error in the spin Hamiltonians, in
marked contrast to the behavior of the N center spectrum which underwent
the transformation reported by Nisenoff and Fanz.

The measurement of relaxation times by saturation is rather
questionable when a field modulation technique is used. Qualitatively,
however, thé'amplltude of absorptfon measured at 77°K as a function of

(:) power showed that at | milliwatt the N_center'ls well saturated, while
Center (V, VI) shows only incipient saturation. Uslng Castner's method,7,
= 0.67 x 10-6 sec were obtained for the N

T, = 2.7 x 10-5 sec and T

1 2
center, showing the overall line width to be about 10 times that of an
individual spin packet. Because of the low degree of saturation achleved

by Center (V, Vi), only (TlTé)‘/z

= 0.88 x 10-6 sec could be estimated.
In the unannealed samples, when Center (il, 11l) was well saturated new
resonance lines began to appéar and prevented a reliable determination
of the relaxation times. Qualitatively, however, the saturation behavior
appears to be similar to that of the N center and thg relaxation times
are probably of the same order of magnitude.

At'4.2°K, excgsslve relgxatlon times caused a transition to a new

passage case. ''Derivative modulation' in dispersion gave the normal

(:) . absorption profile Instead of Its derivative and a serious loss of re-
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~solution ensued. (The derivation spectrum could sometimes be recovered

by second harmonic detection. By thls method the N center Hami ltonian

"was shown to be substantially the same at 4,2%k as at 77°K. Comparison

of the spectra at room temperature and at 4.2°K showed the spectrum of
Cente} (V, Vi) to be completely absent, leaving principally the N center
together with-some Qery weék lines which spread over 6nly one-half thé
range occupied by Center (V, Vi) spectra. Although experiments at inter-
mediate temperature will be required for proof, it is probable that Center
(v, VI) is depopulated as expected for a triplet state.

The second harmonic:detection method has so far failed for un-
annealed samples, but again, the 300°K and 77%K spectrum of Center (11, 111)

is certainly absent at 4.2°K, since the spread of the unresolved lines

. is less than one-half that of Center (il, Itl). We cannot, however,

exclude the possibility that Center (I1, Iil) has merely reoriented.

Taking the low ‘temperature disappearance of the S = | spectra at
‘.

face value, the exchange energy, or the triplet-singlet separation, lies

between 4.2 and 77QK, Br 3 to 50 Cm-'.

F. Oxygen Dependence

To investigate the possible oxygen'dependence-of the centers,
Samples 3 and 4 were studied. First, quick spot checks on Sample 3 were
made using a condensed annealing schedule developed to achieve optimum
concentrations of the higher temperature centers by simulating the 2506,

o

3507, and 450°¢ stages of the original annealing series. The results

show the N -center in approximately normal concentrations with Centers

(1, l“); (v, Vi) and (VII, Vill) completely absent. Taking the N center
ks a standard, Table IV shows that the expected relative intensities are
| ) . :

i
¢
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in fact achieved:In crucible grown material, while in vacuum floating

zone material the three centers are absent and only ‘upper limits deter-

mined by the noise level ‘can be given.

Sample & was carried through an isochronal anneal starting from -
100°C In steps Qf_ZSOC for 30 minutes each. Figure 6 plots the relative

-amplltude of Centers (i1, 411), 1X, and N up to 200°C on the same scale

 _used in Fig. §. After correcting for the slightly higher flux, the curves

are in substantial agreement with those for crucible grown material and

we conclude that these. three centers are independent of all impurifies,

including oxygen, Remodéling of the laboratory terminated the Sequence -

at 200°C. but the result of the spot checks leads us to conclude that.

oxygen plays a critical role in the formation of Centers (l; I’).‘(V, Vi),

and (VII, VIi1), and is most probably a constituent. No lines have been

,observed in floating zone material which are not observed in crucible 

grown samples.
G. Hyperfine Structure

For Centers (i, 111), (V, VI), and N, which were observed in
large enough concentrations, the weak hyperfine satellites arising from

the magnetic interaction of the electronic magnetic moments with neigh-
1

- boring Si29 nuclel (I =3, 4.7% abundant) were observed. The recorder

. trace of a Center (I, 111) spectrum (H // <110>) which is reproduced

in Fig. 1 shows these satellites. For Center (i1, 111), their amplitude
ranges from & to 6% of the main lines and is well above the noise level.

The separation from the center line varies from 23 to 37 gauss and Iis

fairly well resoﬂved; For Centers (V, VI), and N, however, the hyperfine

|
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: 'signals appear to be much weaker (only 2 to 3%) and are overshadowed by
d%her'centers at most angles, while the separation seéms to be comparable
to that of Center (I, Iil).

lﬁ addition, some of the well isolated branches of Centers (il, Ill),"

(v, Vi), and (VII, Vlll){jshow much more closely spaced satellites (”trlplet"'.xlA

struc;ureS”) (Fig. 1) arising ffom’hyperfine Iinteractions with more distant' 

‘ nuélei.b The lipes on each sﬂde are separated from the center line by -
about 3 gauss and the amplitudes.are 26 to 297 of the center lines.
| The presence of several centers ln'each spectrum gnd an unfavor;blevﬁ
© signal to noisé ratio prevented determination of’Fhe hyperfine tensor
with any reliabiligy except %or Center (Il1, lll).riﬁven fof Center (I, Ilf)%
"the ”tfiplet“ lines were so obscured by other Branéhes thatvthe hyperf!né

tensor for those satellites was not determlned;.

; o By including the hyperfine interaction term ."In the spin .Hamlltonlan,': )

the hyperfine satellites are described by

H=BH.g-S+S-0-S+1:-A-S

To firit_ofden,’therenergyyshrft”duéffb*one‘magn§§1;ﬁhd¢l§us‘ﬁs»Sﬁ L

el

. o . ‘
E(mg ,m, )-"E(ms'f(,)'). =mem, |k - 6\ - msml-Ae’ o

¥

where A§-= k -Az-'bf'm'

A~ S

}Am' §re the electronic and nuclear magnetic . .-

'1 quantuh numbérs;’and b'ES‘the unit vector, in -the dlrectioﬁ:of'the effective - ..
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field: 5 = (geH)" gg'ﬂ. As the mlcrowaye‘transltlons correspond to

Amg = 1, Aml"= 0, the separation, AH, between the main and satellite lines

is given by
.geBAH = mlAe
where m = + %-for Slzg. Insertion of the parameters of Center (I, (i)

|
shows the second order termslto be comparable with experimental error,.

Hence the hyperfine interaction tensor, ﬁ, Is determined from the angular

variation of the quantity
2 _ ., 2
= Jas
A, = (2°g ByiH)

by applying the least squares procedure developed for the fine structure
tensors.,

The observed and calculated angular variation of the hyperfine
splitting of Center (Il, 11l) are plotted in Fig. 7. To measure a
splitting, both the saéé]lite and the main line must be visible; thus
in constructing'Flg. 7.boints were taken from'any of the 14 main branches
thch happened to be usable and are keyed to the corresponding branches

plotted in Fig. 2 by using similarly coded lines. - For Center (i, Il1),

the following values are obtained: . y

6.1 +0.4) x 1074 em™! (8 = 36.5° + 0.5%)
]

>
]

(43.6 + 0.4) x 1074 em”
-1

x>
]

68.8 + 0.6) x 10™% ¢m

I+

\where A, lies along <110> and the axes are defined as usual by Fig. 3. "

2
These show a nearly axial <l)l$ symmetry; Ay = 68.8 x 107 em™! and

A\

P ——
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AL a,% (A‘ + A2) = 43,9 x IO-A cm-' with Ay lying 1.2° from <111>

towérd <001> in the (110) plane.. In order to examine the overall fit of

_ the parameters, the angular variations of the hyperfine satellite lines

were calculated from the fitted values of g, o, and ﬂ, and plotted for
all of the 28 hyperfine branches corresponding to the .14 main lines."
Figure 2 shows the actual angular variation plot for the unannealed Sample

2. Exactly the same curves are obtained for Sample 4. The thick lines

" represent the 14 main lines and the thin lines the corresponding hyper-
fine satellites, with both the parent and satellite lines coded in the

~same way as In Figs. 4a-d.. The fitted curves account for all of the

visible portions of the yperfine satellites remarkably well, in fact witﬁin
‘a line Width, and>as previously remarked, all the observed resonances '
are accounted for.

The ratio of the amplitudes of. the hyperfine satellites to the
main'lines.was measured at those angles where both lines were well'Isola;ed
.ffom others, The observed ratio of 5.12% (¢ ='0.78‘7‘. from 32_measurements’

[3

Is in satisfactory agreement with the value
(21 + 17! epa-p1 7 Le, (-,% = 0.04%

expected for two equivalent 5129 nuclei having | = % and P = 0.047, and

~is easlly distinguishable from the values of 2.477 expected for only one

. nucleus, 7.42% for three, and 9.89% for four.

For a spin | center such as Center (11, 111), the orbitals local-
ized on the two atoms overlap very slightly, giving rise to an exchange

coupling. The observed hyperfine satellites correspond to the case in

which only one o# the two huclel Is 5529 (I = %), the other being Si28

(1 = 0). Within %he triplet manifold; the appropriate hyperfine Haml!éon-

lan is
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where
A = l'a o 1= lor 2
i T30 .

The.hyperfine splitting of the energy level,
E(ms’ml) - E(mS,O) = msMy |5' Al‘ = o2 msm lk. ai\ '

is exactly the same as for S = l, the value of ms'= + | canceling the
factor of %. The fact that a single set of satellites of 5% relative
amplitude is observed Indicates that a; = 3, and that the two nuclei

are accurately equivalent. This suggests that If the distortion of the.hfs

<:> axis away from <111> is due to the mutual repulsion of the dangling bonds,

these bonds are anti-paralliel rather than parallel; in the latter case
the hfs axis would differ by 2.4° and the nuclel would be clearly inequi-

valent,

'" discussed the hyperfine interaction of

Watkins and Corbett6
the electron irradiation centers in sflicon (all § = %0 on the following
basis:

The wave function of the electron Is aﬁproxlmated by 3s and 3p

orbitals localized at various lattice slites j:

- j J
IR G Bj¥3p")s

where aj and Bj are normalized according to ajz + sz = |, The factor

Thz gives the fractional contrfbution from site J, and 032 and sz give’

(:) the relative welights of 3s and 3p orbitals. The values of TBZ, 032, and

—
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‘sz can be calculaged from the observed A tensor:
|
. '- ]6 2 2 . 2
J . Jy = 15 A
(A“ +2A)7) 3 gNBOBN‘O’J T‘J \*35 (0)\ ’

wi—

=4 J_a dy=4 2,2 735
bj - 3 (A” AJ— ) 5 gNBOBNBJ 'ﬂj <r >3p ’

“where Iy is the nuclear g factor, Bo the Bohr magnetron, and BN the
nuclear magnetron.' Using the value |¢3S(0)1 2 / <r-3>»3p = 1,4 esti-
mated from the tabulated Hartree functions and the value, l¢3s(0)\ z =

4 -
24 x 102 cm 3, obtained from previous work on the Si-A center, the

authors quoted obtain the values

-

2.2 -4
, = | x 1040 x 10 cm
T
and
‘ 2.2 -4 -]
b, = B, x 36 x 10 cm .
;TR |

A similar anaJyQ@s of the A tensor of Center (1, 11l) gives

a=5.15x10%cm ", b=4.15x 10" cn”!

1}

and hence o = 0.176, B2 = 0.824, and 7% = 0.281.

In terms of this simple model, the result is interpreted as
follows: two orbitals of 18% 3s and 82% 3p character localized on two
neighboring atoms account for 567 of the total wave function of each
electron, the enhanced p-like character over the normal 25% 3s and 751
3p (sp3) tetrahedral orbital suggesting that the atom Is pulled away from

\the normal site by its nelghbors. The rest of the wave function is spread

over more distant atoms.
\
?

e
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' The.slde llhes'of'the “friplet” structure of Center R RN D
may‘éccount for a lafge'portiOn of the remalniné wave function., The |
relative anplitude varlies from 20 to 29% (23.6%, o = 3.7% from 30
ﬁeasuremenfs), and it Is difficult tq distinguish among the values of:
19.8% expécted for elght.quivalent nuclel, 24.7% for ten, and 29.77% for
twelve{. Aslthe approxlmately ten neighboring atoms are almost certainly;

not equivalent for arbitrary orientations of the magnetic field, these
t

satellites should split into groups characteristic of the structure of

zthe center. Unfortunately, the resolution is such that the lines merely

broaden and disappear. The fact they are visible over quite a range of. .

angles reflects the small value of the coupling constant for 3p states.

Obscuration.pf the lines and inadequate resolution thus prevenf

determination of the hyperfine tensor for these atoms and only rather .

broad limits can be placed of their COptribution to the total wave funcé

tion., The separations from the center lines are about 3.1 gauss and

are nearly constant over the region where they are visible. The separ-

6 =1 -1

i -
m . Assuming AL =~ 5.8 x 10 4 cm - as

ation corresponds to 5.8 x 10°
|

L reasonable guess, and assum?ng little disturbed normal Sp3 orbitals
(qz = 0.25 and BZ = 0.,75), Ay = 1.35 AL and hence ﬂz ~ 0.026. Thus by
taking ten nuclel, thg contribution to the total wave functlion amounts

to 267%. However, the data are Insensitive to the p component. Taking

2
az = | as the extreme case, T| = ,006 and the contribution to the wave

function would be only 67%.
The interpretation that the triplet structures arise from the
interaction with a number of distant nuclel ls'cqnflrmgd by the occasion-

second pélr of very faint satellites having the separ-
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‘ations and amplitudes predicted for interactions involving two Sl29 nuclei

\

imong the 8 to 12 neighbors,
i The spectra of both main and hyperfine satellite lines, and their
relative intensities, remain unchanged between 300°Kk and 77°K. This
suggests that the electronic configuration is rather fi;mly locked and
not affected in this temperature range,

Fn contrast, the speﬂtnmmof the N Center goes through a transition
at temperatures between 77°K and 166°K. While the hyperfine tensor at
300°K cannot‘be determined accurately because éf aﬁ unfavorable signal

to noise ratio, the hyperfine splitting is only one-half that of the

77OK,Spectra, and the relative amplitude of the satellites remains un-

- changed at about 2%. This suggests that at 300°K, the electronic wave

function is distributed by a motional effect over two atoms which are not
quite equivalent. The hyperfine Interactions involving two similar but
not equivalent sites should give rise to twice as many satellite lines

as for two equivalent sites, each having 2.5% amplitude and comparable

separations, and would make the experimental determination of the tensors

much more difficult. This may very well be the case of Center (V, Vi)
also; in fact, the aniéotropy of the g tensor of the center is consistent
with a pair of two <1> déngling bond orbitals oriented toward the center

of a tetrahedron and thus supports the suggestion. .

——
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O , ' . - V. DISCUSSION
: A. Model

The data reported Here are not sufficient to establish detal led
atomic models for the S = 1 defects Qnder conslderatlon, but we are
definitely led to a model In which the two unpaired electrons are local=-
fzed in dangling tetrahedr?l orbitals centered on nuclei which are
separated by about one lattice distance, probably along <110>,

The localization of the magnetic electrons on separate centers l;
indicated by the small magnitude of the zero-field splitting, and is v
ghown conclusively for Center (i1, Ii}) by the hfs. For two electrons
on the same atom, Pryce's18 treatment gives the spin-orbit contribution

to the zero-field splitting in the form

| <OfL | a>cnfL 0> g -gb
5,5 = 2 > [ i N S B § 'é‘ 65,
né0o 1 EoF 9 0

where X\ is the spin-orbit coupling constant, 95 = 2.0023, 8g is the g

\
'shift tensor, and the trace of ¢ has not been set to zero. For comparison.

with experiment It is convenient to use the quantities D and E (c.f. Eq. 2):

' ! = Arg - X
D=3 [czz I A " Zgo[ 93 = 3trg]
\
R Eed - = A ,
E=3 |:oxx oyyj - 29, [gl 92]

\ Taking A ~ 0.02 ev. for silicon and inserting the Q values observed for

\ Centers (I, I11) and (I, 1''), D is found to be approximately

(:) \ 2000 x 107 cmf]'for both, in contrast to the observed values of 7.6 and
4 o

134 x 107 cm-l. . : -
i

-~
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The predicted value Is thus 50 to 250 ;imes those observed and leads to
a‘zéro-field splitting of 0.6 cm-l, which Is comparable to the Zeeman
Spiitting itself at 24 kMc: 'gBH.aﬁo.B em !, The congribution of the -
direc; dipole-dipole interaction should be of the same order of magnltﬁde,
as can be estimated by taking the radius of the charge cloud to be about

1 A, but it is unlikely that the very small observed Splitflng could be |
the result of canceljation.: On the other hand, If the two spins are

assumed to be localized at points separated by a lattlce.spaclng,

(a = 5,42 A), the dipole-dipole interaction becomes

r3 D . tﬁ

,<Elf by 3850 Wy 1) > - ‘ofészz Cseseny] L
with D =~ -~ 27 x IO-A Cmfl, in agreement with the observed values. Eval-
vuation of the spin-orbit contribution in this case requires a more careful
theoreticai'treatment than we have attempted, but it clearly goes to zero-
quite rapidfy as the two centers are separated, and the data are compat-
ible only with the two center model. As discussed below, the g tensors
suggest that the electrons are localized in dangling Sp3 orbitals; If so,
the dimensions of the two electron clouds are of the order of | to 2 A,
or substahtially smaller than their separation. If the spin-orbit con-
tribution can in fact be neglected, the O tensor should have axial sym- .
metry, as is approximately the case, with D negative, corresponding to
proI;te symmetry, and with the major axis indicating the approximate line
o? centers. Experimentally, the sign of D Is lndegermlnate, but the axis
of 0 in all cases lles near to Sllo>', suggesting that the separation of
the two electrons also !les along <110>, . |

!

!
i
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The field dependence of the observed S = | Hamiltonians Is accur-
%ftely linear and shows no sign of repulsion between the singlet and
iriplet levels formed by the interaction of the two spins. The singlet~
triplet separation, A; must therefore be large compared to the terms
which tend to mix the.tyo manifolds. If the two § = % subsygtems have

g tensors, and g the combined spin Hami ltonian is

A

stﬂ.gA.éA H-g 28

] ] 2 _ 3 1

= e D Y - - =) - . - . -

7 B gy v gp)t S+ g8 (ST - M B (gy - gp) - (S, - 5.
where E = §A +'§B' The first .two terms are diagonal in SZ, while the

last ierm, which Is purely off-dfagonal, constltufes'the mixing term,
The transition to an unperturbed system of S = 0 and $ = | levels there-
fore occﬁrs when A exceeds the difference [n Zeeman engrgies. In analogy
to a chemical bond; the singlet level should have the‘lower energy, but
the value of 8 required to give a pure S = 1| spin Hamiltonian is so Sm§||
that the occurance of fully populafed triplet levels at 77°%k Is not sur-
prising. The maximum difference in.g values we have observed is &g z'0.0i.
giving at K-band A > BHSg = 5 x 10-7 ev, or 0.006°K. The low temperatu?e
data indicate that Center:(v. Vi) and perhaps Center (I, Iil) are de- |
populated at A.ZOK, indicating that 4 in fact lies between 4.2 and 779K.ﬁ
The low temperature behavior of'Centefs (1, 1') and (VI, VII) is unknown.
We have not seen any'indication of thé fqrbfdden transitions or sécond
order hfs effect$ which shoyld arise for small values of 4, nor of the
perturbations arising when one of the triplet levels crosses the‘singlét.
The above discussion shows the”g tensor observed in the triplet

.manifold to be the average of those belonging to the two subsystems:
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g = %'(gA +-gB). The interaction of the two systems will also dISplaCe

t o ~

the energies of thé excited levels involved in the g shifts by amounts
‘presumably of the same order of magnitude as &, and the g shifts will
undergo a fractlonal change of order K/E} where £ is the average exci-
tation energy of these levels, Taklng.E a~ | ev]9 and A < .0064 ev
(i.e., 77°K), .the fractional change in g shift is only 0.6%. In this
light, the following observations are suggestive: (i) The g tensors of
Centers (M1, 111) and (i, I‘S are nearly axlally symmetric along a <lli>
axis with a relatively small g shift in this direction: TThis is consis-
tent with a pair of parallel or anti-parallel <llI> dahgling bonds.

(il) The g tenso?s of Centers (V, Vi) and (VII, VIil) can be closely
approximated by assuming a pair of the above bonds_oriented toward the
center of a tetrahedron: “Fhe ratio of g shifts is very close to 1:2:3

as expected for such a configuration. The relations among these tensors
can be seen most clearly by expressing the g shift tensors, 69 = g - 96 1
in the crystalline coofdinate system, A <lll> axially symmetric tensor

having 6g;3 = 0 has only one independent bérametér and takes the form a

_below, while the average of two such tensors whose principal axes are

<111> and <171> --1.e., which make a tetrahedral or octahedral angle
with each other--takes the form b. The elements below the dlagonal are

redundant and have been suppressed.

5 -6 ',--2'-6\ - (6‘ -5_';5,‘0\

o
©

"' )
~'-26‘ ‘ b =

Ao
n
o




These are seen . to ‘be satisfactory representations of the observed g shift o

tensors: - -

TR,

f

L, vi):

-T);pe b PR

|
|
|

the dangfing Sp3 orbital,

CIYORTITPY:

and we conclude that the four

‘<f.00481';,oozo

. 2

= | . = .o048,

| (0046, -.0030,

= - 00464
\

[ -00435 -.0023,

|

(0047, -.0019

6

centers are made up from one basic unit,

5.
= . o .0047,

e N
.00255°)

8

-.0025

-.00304
‘.00304

,0049

5.

-.0001, Y

".000!2»

.0047
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. An Important feature of this model i's the senslfivity'of the zero-

field splitting to the géOmetry of the two orbitals., Even minor variaifQQS'

“micrographs,

20 -

-in their relative positions would smear out the EPR spectra. It seems -

"With'damage éf'thé‘typé'prefveq iﬁ fast neutron lrradiatéd germanium,

Y

“unlikely thaf.these sharply defined defects can be ;loscly_assocfated :

~where large reglods df 5pbarent‘dI§order Haye beeﬁ,obserVed in electron ,v

AASACEAY de & 0 nif 2 G o 12

Rl e S o

N B o da

e e -

R T



35

B. Discussion of Center (i1, III)‘

\ Although there has been no direct correspondence between the EPR

)
}

centers observed In neutron irradiated and electron irradiated silicon,
primarily because of the dffference in Fermi levels of the samples
studied, theré are remarkable similarities betwegn the spin Hamiltonian
parameters of the centers. To facilitate comparison, the g and A tensors,
and the values of az, 52, andaﬂz‘for Ceﬁters ¢y, 111y, si-g, Si-C, and
Si-J are éollected in Table V. The Si-B center is one of a class which
is believed to arise frém ag electron concentrated in an isolated, but
slightly distorted dangling bond.orbltal. It is found in both p and n
type electron irradiated samples."The Si-C and SI;J centers are Qelieved
to be two different charge states of a divacancy; the Si~C center being
found in high resistivity n and p type samples,.thé Si-J center in p type.
Table V shows that (i) the overall symmetry of tenter (Il; i)
reflected by the g tensor is similar to the Si-B center, suggesting 5
pair of parallel or antlearsllel <ill> dangling bonds; (ii) the magni-
tude of the A tensor Is comparable to those for the Si~C and Si=J cen-
ters, indicating a similar configuration of electron clouds over two.
equivalent nuclei; and (iii) the fractional s character of theﬁCentéf;(liLflli)
orbital is appreciably less than that of the Si-C center, whch i§ pre-

sumably In an anti-bonding state, and slightly more than that of the Si-J

center, which is bonding, As the defect of s character (from 252).ls'a

measure of. the relakatlon‘of'the atoms back along the axis of the broken
bond , this observation Is compatible with very weak bonding of the two
electrons in Center (tf, 111). Unfortunately, the éveq lower s character .

6f the Si-B center reduces’the fqrce of the argument;_ implicit in Table .

3
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.V is the exact equ'valence df the two central nuclei of Center (11, 1il),
as shown by the laék of splitting of the hyperfine lines (Fig. 2). This
'equivalence aeSpité the slight distortion of the hfs axis away from <111>
suggests that the danéling Bonds involved are anti-parallel, ‘A similar
comparison of the Si-B center and the N center at 77°K is discussed by

" Nisenoff and Fanz.

The fact that a divacancy originally has two sets of three broken

bonds makes it easy fo visualize two unbridged and unpaired electrons
forming a spin | system in the neutral charge state, permitting specula-

tion that Center (il, 111) is the neutral charge state of the divacancy.

The divacancy model of Cenfer (1i, 111) however, appears to be Incompatible

wi th the work of Watkins and Corbett8 on the following grodnds: G)
-while the Si-C and Si-J centers are stable up to 300°C. Center (11, 111)
- anneals out at 185°C: and (ii)>the motional broadening effect observed

above 77°Kk for the SI-% center is absent for Center (Ii, VIl). The lower

annealing temperature.jkdicates that it Is less sfable, while the absence
of the motional effect éuggests an additional mechanism which locks the
électronic configuratioh more firmly and make the averaging motion more
difficult., The approximate value of 10 for the number of next nearest

neighbors argués that Center (11, I11) Is not tbo dissimilar to a

divacancy.

The distinct <l11> axial symmetry of the g and A tensors of .Center
\\ (t1, 111) thus strongly support the plcture of a pair of electrons lo-

\\callzed in anti- parallel dangllng bond orbitals aligned inac<ll>

\dnrection. The nearly axlal <110> symmetry of the O tensor suggests that

the two electronic spins are separated along a  direction very close to

<\10> by a well.defined distance of the order of a lattice spacing.
‘z ' |
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Although we' lack deta!led mformatlon on the A tensors of the. other
spin 1 centers, it is temptlng to Suppose that they are related to. Center
'_(IL, IV) by the addltion of oxygen bridges analogous to that of the Si-A

cen ter‘.
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" APPEND I X

\ The eigenvalues and transition frequencles usually derived for
) :
the Haml ltonian

=B g sHsigs

assume the axes of g and g to coincide. By treating the zero-field

splitting term as a perturb;tion, we here derive invariant expressions
which afé valid through second order in Ue/geBH for all values of S and
for g and 0 having arbitrary axes. Without loss 2; generallty, we take
Ag and g to be symmetric and set trace ¢ = 0,

Choosing the coordinate system in such a way that k, a unit
vector along the z-axis, lie§ along the effective magnetic field, i.e.,
9: H = %o H'h, and working In the representation in which S and S, are

diagonal, the energy levels up to the second order are given by

S| m>
¢

. ' . ‘ ) ) Zl qnlg.g.glm:><m:'§'.g..
Em = B e H <m lSz{ m> + <m Ii' g -élm> + . T

m!

g = (ﬂ' g2 I/Z/H.

e w.h’j>

The quantity $-0-$ can be reduced to the form 4

~

)

s2) o (bm = 0)

= L (s2-5 2 3g2_1
2083 =50rg) 759 40, G5, -3

] .. I l | ) =
* 7O T )88, 4 8,5,) 4 5(0, 0 1 0 XSS 4SS (=2 D)

‘ + %(o

, 2 1 2 . -
XX oyy VZIny)S+ + é(oxx-?yy+'2'cxy)s~ ' (4m - 2 2)




with - , i

s, = (Sx + iSy). ‘51 = (s - |Sy),:and o, o .

.= »
bl
In this form the matrix elements can be easily evaluated and summed to

glive

E_ = mg BH + -2]-[3m2 - s(s+D] o, + 21[5(s+1)-m2](tr 9)

| -1 2 2, 2
- (9 mlas(s+)-8n"-1] (0, "4o, )

+ g(g b0 m[ZS(S+I)-2’m2'-l][(0xx-oyy)2 + Anyzj.

In invariant form, after setting tr-g = S i0‘“ equal to zero, with

2 2
o =k-O-kand tr g _ZUUU '

1 2
Em = mgeBH + -2-[3m -S(§+l)]ce

2_5)

+ (geBH)~!m{4lCZS(S-FI)-2m2—l] (tr g%) = [35(s+1)-5m-1)(k -
+ %[l8$($+l)-34m2-530e2 } .

The transition m «—» m+! will occur at the frequency given by

hv = E - E

3
g BH + S(2m + )9

+

.(geBH)‘I{Z}[ZS(.SH) - 6m(m+1)-3] (tr o)

- [35(541) - 15m(m+1)-6] (k - 92+ k)

+ 20185 (5+1)-102m(m+1)-3] 0 ? }

\ 8




.  For S =1, the ex"press'lqns for the transition freqdenc!es reduce to -

." 2"

M= 0o+l hu =g BN TO + (4g BH)"(er g% -

.....

a
'

m=-1t00: hu_=gBH =30 ¥ (ug Bu) ' (er o? -
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Strictly speaking, de varies as cosze', where 8' is the azimuth of
the effective magnetic field given by the unit vector k rather than

by n. For the g tensors observed here, the maximum angle between

k and n Is of the order of % (gii-gjj)/gil ~ 0025, radian as 05,152,570 w1

and the distinction is neglected. A quantity which varies rigorously

-2

as c0520 is (ge/go)zoe =g,

n-g-g-g-n, where 9 is any conven-
ient number. Thus if the g tensor is strongly anisotropic the usual
curve fitting procedures should be used to determine the tensor

g;Z g-%-9, from thch g itself can be derived.

The consistency relations together with convenient methods for fit-

ting the Hamiltonians will be discussed In another paper.'
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(:) 13. Our nomenclature requires a few remarks. In parallel with the ter- .

minology adopted by Watkins and Corbett, and by Nisenoff and Fan, we .

2

explicitly that the centers are observed in silicon. Since it Is

propose'to designate the S =‘l-centers as Si-1X, and so on,to specify -

clear that this paper refers only to silicon, we will refer to them-

as Center X, etc.

In the.prellﬁfnary reduc%ion of this data the sets of resonances
belonging to the two transitions of the S = | centers were separately
identif!ed and,named. [See‘Jung and Newell, Bull, Am. Phys. Soc.
7, 186 (1962)J, As itAlg sometimes convenient to refer to these
sets separatel*; we have retained the compdund names; Si-(1t, 111),
or Center (I, 111), for'example. | f centers having‘splns greaterv
than | are ever Isolated, tﬁls luxury will have to bé abandoned.

14. - The branches of Center (I, 1') ére.éo clearly visible in.the data
fhaf this test was unnécessary.

i?. This variation may be real or may result from small changes in the

i relative filling factors of the ruby standard and the sample when
the latter is replaced after each run.

16, D. J. Hughes and J. A. Harvey, Neutron Cross Sections, BNL 325,

Brookhaven National LaBoratory, 1955, The total cross section, GT’
varies from 2 to 4 barns for 0.1 to 10 MeV neutrons.
17. T. G. Castner, Jr., Phys. Rev. 115, 1506 (1959). i
' (Londen) ' '
18. M. H. L. Pryce, Proc. Phys. Soc.,A 63,25 (1950).
19. Watkins and Corbett deduce an E of 2.5 ev. for the Si-A-center.

20. J. R. Parsons, R. W. Balluffi, and J. S. Koehler, Appl. Phys. Letters 1,

<:> 57 (1962).
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TABLE 1

List of Samples

Designation Bomb'd  Flux (nvt) Impurity Orginal " Bomb'd Centers Observed(a)
‘ ) . Resistivity Temp. :
| l. West D-110G ANL x10'? A 0.2 to 0.5 100°C N, (1, 1), (V, V1),
d (€rucible grown) . . l015 cm-3 ohm-cm it vt -
| 2. USSC No. & ORNL  1.4x10'®  Residual 131 ohm-cm  50°% (11, 111),N,(1,1")
.(Crucible grown) T B ' V, V), (VI VL)
Sl Doar s _ : . X :
3. Merck A65-24A ORNL  1.2x10'8 Residual 11 000 ohm-cm  50°C  (11,111),IX,N
(Vac. Floating . . B :
Zone) - . . . v
4. Merck C890-308  ORNL  1.8x10'S Residual '3300 ohm=cm  50°C  (11,111),1X,N
(vac. Floating : ' B
Zone) .

(@) See Fig. 5 for details of the heat treatments.




O o ‘- | O - - 1 B O -

S
o TABLE 11
o — . Spin Hami ltonians (300°K)
wt/- ’
= 2_ 1 2.2y, 5=t =l -
H=PBH-g-s +0[3s) S+ + E(S,=S. )i D = 50 E = 5(9,,-0 )
- ()
Centers Freq. (kMc/S) g'(a) 9, 95 Ag e D(Mc/S) | E(Mc/S)| AD,E ﬁ(c)
24.090 296 | 2.00985| 2.0091, 2.odz3l +.00005 37.2°| - 102.83| - 16.82| + .19| 8.3°
a, 1" S _ . N -
‘ 9.366 163 | 2.0098, | 2.0087,| 2.0020, | + .001, 37.0° | - 103.09| - 15.79] + .31| 8.3°
24,112 101 2.010141 2.0099, | 2.0009, | + .0000.| 34.4° |- 22.82|  0.46] + .12 - 6.3°
ar, 1 | |
9.397 429 2.0102¢ | 2.0099, | 2.0009; | + .0000,| 34.1° |- 22.89 0.53| + .08| - 6.4°
24142 383 2.0070_ | 2.0089, | 2.0042 | + .0000,| - 3.5°|- 41.77 2,33 + .07 6.1°
. V1) 509778 9= 3 ] = .
: 9.366 163 2.0072, | 2.0089, | 2.0041, [ + 0001} - 6.9° |- 41.85 1.90| + .15 6.2
24,110 956 2.0072, | 2.0089g | 2.0051, | + .0001, 0.0° |- 45.87| - 1.62| + 12| o0.0°
Vi, Vi . 4
9.318 325 2.0072, {2.0090, | 2.0050, | + .0001, 0.0° |- 45.44| - 0.35| + .34| 0.0°
; (o]
) 24.142 383 | 2.0089 | 2.0125 | 2.0046, | + .0000,| 17.3 .1
9.366 163 2.0090, |2.0125, |2.0044 | + 00041 17.5° 22
(@) g, is along <I10>; 9, lies in the plane containing <001> and <110>, making an angle @ with <001>.

See Fig. 3.
(b) The sign of E is relative to D. The absolute signs are undetermined.

(c) B = angle between the X axis and <001>. The sign is relative to 6.




TABLE 111

Concentrations of EPR Centers in Neutron Irradiated Silicon
18

Sample 2 (USSC #4, @ = 1.4 x 10 ° nvt, ORNL)
' AH ‘Sn 3 Corrections iénal-3 Impur i ty
Centers S (gauss A/Ar (10" em 7) hfs singlet (100" ecm ")~ dependence
Qar, 1) 1 1.2 359 4,07 + 57% + 33.3% _ .85 Independent
X > 1.6 .155 3.19 unknown - == .32 independent
N } % 1.2 A5 6.82 + 9.8% -- .75 _ independent
' Oxygen
(I{ () 1 2.4 .0576 2.59 unknown + 33.3% .35 dependent
4 | o Oxygen
(v, vi) 1 1.2 | 442 _ 5.02 f 50% -+ 33.3% 1.00 dependent
: Oxygen
EYII, ViLL) 1 1.6 . L0478 . 0.97 + 50% + 33.3% .19 dependent
. 2 -y o R e L B e o i e S Sl G mm e TPy _,._m' - ¥
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TABLE iV

Oxygen Dependence of EPR Centers in Neutron |rradiated Silicon

. AmplitudeS of EPR centers relative to that of the Si-N center vs simulated

annealing temperature.

Crucible grown silicon = Sample 2,

FZ = vacuum floating zone silicon = Sample 3.

250°¢ 350°¢ 450°¢C
Crucible FZ ‘Crucible FZ  Crucible FZ
(v, VI)/N 0.05  <0.005 2,23 < 0.01 * --
(, 1IN * -- 0.28 < 0.01 * --
(VIT, VILI)/N * -- * -- 0.50 < 0.05

* Negligible

e
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TABLE V
v * * *
The Comparison of Centers (iI, V1), Si-B , Si-C , and Si=J
" Centers g'(a) ' 9, 9, e (b) A (10.4cm-‘) A (10‘“cm") hfs axis
(i, 1) 2.0009 2.0099 2.0102. 1.4°+0.2° 68.8+0.,4 43.9 + 0.4 -1.2°(d)
Si-B - 2.0026  2,0085 2.0107 1.3°+0.7° 130 +2 7N 42 Qs
Si-C . 2.0012 22,0135 2.0150 6% +1° 79 +2 56 + 2 <li1>
Si-J ©2.0004 2.0020 2.0041 7.7°+ 0.5° 7.8+ 0.05 40.5 + 0.5 <>
_ ——— ———
a ) b .
Centers (IO-acm-‘) (10'4cm-]) az 82 ﬂz $w.f. (c)
(v - 52.2 - 8.3 0.176 0.824 0.281 56
Si-B -9l -20 0.14 0.86 0.64 64
Si-C -6 =27 . 0.2 0.78  0.28 56
Si-J - 49.3 - 9.3  0.16 0.84 0.31 62

* The Si-B, C, and J center data are taken from Watkins and Corbett, (see references 7 and 8),.
(a) g =+ 0.0001 for (11, 111) and + 0.0003 for others.
(b) Angle of g} axis from <I11> towards <110>,

(c) Fraction of the wave function localized on the central atoms.

(d) Angle of hfs from <li1> towards <110>,

—
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Fig.. 1.

b4

CAPTIONS FOR FIGURES

EPR spectrum of Center (i1, I11) with K/ <110>, Sample 4 (Vacuum
Floating zone silicon, @ = 1.8 x 10l8 nvt at ORNL) annealed at:

100°C for 30 minutes. T = 300°K, v = 24,552 108 kMc. The prin-

‘cipal lines are marked according to whether they belong to set

F‘g. 2, l

11 or set I11. The hyperfine satellites (5.1% relative ampli-

tudes) due to the Si29 nuclei In the nearest lattice sites and
the "triplet' structure (23.6% relative amplitudes) due to those
in next nearest sites are vlsible'on one of the isolated branches,
Angular variation plét of Center (i1, I11) spectrum. Sample 2
(Crucible grown silicon, @ = 1,4 k lO'a.nvt at ORNL), unannealedf
T= 300°K, v=24.112 101 kMc. The external magnetic field,
shown in proton resonance frequency (Mc), Is rotated in a (110)
plane. The open clrcles'belong“to et Il and the closed circles
to Set Ill, The diameter of the circles correSponds.to the full
width betweeﬁ inflections of the resonance 1ines.. The thick
lines represent the fine structure lines and the thin lines the

hyperfine satellite lines. The branches are coded by solid,

dashed, and dotted lines to Indicate the pairs belonging to the

'same orientation of the center. The "triplet' lines are also

- Flg. 3.

shown on two upper branches of Set (1.

Principal.axes of £he g and ¢ tensors. The princfpal axes of
the A tensors are defined In the same manner. By replacing 0
by (35%16' - 8), this system can be con;ertgd to that édopted
by Watkins Snd Corbett (references 4-8), In the latter system,

however, one must specify whefher the 1 axis li?s closer to <00i>

!




Fig. 5.

H= (h/g ) [u(l -€) 30 )i €=v2@ero?-257,

45

or to <110>., The sign of B Is relative to 8. The absolute signs

are irrelevant.

Angular variation of the effective g values and zero-field split~-
tings at 300°K, "(a) Center (I, 1'), (b) Center (il, tI1l1), (c)
Center (V, V1), and (d) Center (Vil, VIII). At a glven micro-

wave frequency, v, the positions of the sets of lines are given
by . |

2 3 2
e

where 90 and O are taken from the corresponding branches at a

given angle., The correction term, €, Is less than 3 x 10-6

for Center (11, 1il), and less than 5 x 10-5 for Center (1, 1')
at K-band and can be neglected for most purposes.
isochronal annealing curve. Sample 2 (crucib1é grown, @ =

18

1.4 x 107 at ORNL). The mean EPR amplitudes at 300°K for each

. set of lines belonging to a single transition are plotted vs

anqealing temperature. The'pairs of curves belong to the mg =

-] to 0 and m, = 0 to +) transitions of the S = | centers. The
annealing steps are;: 90° to 170°C iIn IOO'steps for 30 minutes
each; 1700 to 185%¢ in 59 steps for 30 minutes; and 200° to 500°C
in 50° sfeps for 60 minutes each. The ordinate is the amplitude

of a single branch of unit multiplicity relative to 100 for the

1
2 2

~estimates of the absolute concentrations, see Table [11.

to +'l iranslt}on of Cr+3 in the lnfernal~ruby standard, For




~ Fig. 6.

Fig. 7.
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lsochrohaliannealing curve, Sample 4 (vacuum floating'zone,
g=1.8x io's at ORNL). The annealing was done in 5 steps of
25° for 30 minutes each, starting at 100°C. The ordinate scale
is the same as for Fig. 5. The concentrations of Centers

(1, tH1), N, and IX are comparable to those for crucible grown
samples, but spot checks show the remaining centers to be absent.
Hyperfine splitting ?F Center (li, 111). The separation between
the hfs satellites (5.1% relative amplitude) and the corresponding
branches of the fine structure is plotted vs the orientation of -
the externalifleld in a (110) plane. Polints taken from the

m, = 0 to +1 transitions fall on the same qurQes and are not

distlnguished. '
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PRINCIPAL AXES FOR g AND g TENSORS
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