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Three new EPR spectra (Si-A14, -415, and -416) and two previously known spectra (Si- P2 and - P4) are
observed for the first time in electron-irradiated silicon. The microscopic defect models are established as
multivacancy-oxygen complexes with the oxygen(s) in Si-O-Si structure inside the < 110 vacancy chain: a
(divacancy plus oxygen) for Si-A414, a (divacancy plus two oxygen) for Si- P2, a (trivacancy plus oxygen) for
Si- P4, a (trivacancy plus two oxygen) for Si- P5, and a (trivacancy plus three oxygen) for Si-A15. The
number of vacancies in the (110 chain is determined from the zero-field fine structure and the number of
oxygens from the evolutionary kinetics, with the g tensor, 2’Si hyperfine structure, and stress response
providing strong supportive evidence. It is emphasized that some of these oxygen-dependent defects play an

important role as trapping centers for other point defects.

I. INTRODUCTION

Electron paramagnetic resonance of radiation-
induced defects has been extensively studied for!:2
electron- and®~® neutron-irradiated silicon. Ap-
proximately sixty spectra have been identified,
with approximately twenty cases having a clear
identification of the microscopic defect structure.
It is also generally accepted from the known de-
fects in silicon that low-energy-electron damage
produces simple defects such as the vacancy, di-
vacancy, and vacancy-impurity pair. Neutrons
create larger, complex defects such as tetra-
or penta-vacancy centers, in addition to those
defects found in the electron bombardment. How-
ever, it is not clearly understood what happens
after the divacancy center disappears at 350 °C,
since no spectrum has been observed above that
temperature in electron-irradiated silicon.

The present work was initiated to understand
the intermediate situation between the low-energy-
electron- and the neutron-radiation damage. A
similar study was reported by Daly and Noffke®
who used a low-fluence neutron bombardment
(~10'® neutrons/cm?) to observe a number of the
spectra dominant in electron-irradiated silicon,
as well as those in neutron-irradiated silicon.
We used 2-MeV electrons to see whether a high-
fluence (10'®-10'° electrons/cm?) produces those
spectra previously found in neutron-irradiated
silicon. In Czochralski grown silicon, we not only
observed the oxygen-dependent spin-1 centers
which have been only found in neutron-bombarded
silicon, but resolved three new, oxygen-depen-
dent spectra. We constructed defect models for
the oxygen-dependent spin-1 centers in terms of
oxygen-multivacancy complexes. We will argue
that the following sequence of anneal recovery
stages takes place in pulled silicon: (i) the di-
vacancy [V,], (vacancy+ oxygen) [V+ O], and (di-
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vacancy + oxygen) [V,+ O] (Si-A14),” centers are
equally probable below 350 °C; (ii) these three
centers disappear at 350 °C yielding the (divacancy
+2 oxygen) [V,+0,] (P2) and (trivacancy + oxygen)
[V4+ O] (P4) centers; (iii) these latter centers
disappear at 400 °C yielding the (trivacancy + 2
oxygen) [V;+ O,] (P5) and (trivacancy + 3 oxygen)
[V3+04] (A15) centers. Thus, the following
families of defects now can be identified:

(i) Intrinsic vacancy (V)-type defects: [V*], 8!
[v],'5% [v;], "™ [V, (planar)],® [V, (non-
planar)], 17+18 apq [V5]4;

(ii) (nearly-substitutional oxygen plus vacancy)-
type defects: [(V+0)*°], 2% [(V+0)*],% [V,

+ O]’ & [V2+ 02]’ & [V3+ O]’ 19,21 [V3+ OZ]: 7 and
[Va + 03]27; and

(iii) (substitutional impurity plus vacancy)-
type defects: [V4+P|, %3 [V As], #2030 [y
+ Sb], 92930 [v+B],®2 [V 4 Al], 9102930 [V+Gal, 29
[V+Cl,3=3 [V+Ge], 1143435 and [V + Sn]. 3°

After a brief description of the experimental
procedures in Sec. II, we present in Sec. III the
new EPR coupling tensors for the Si-P2 and - P4
spectra as well as for three new spectra, Si-Al4,
-Al15, and -A16. Section IV gives a discussion of
the #Si hyperfine structure and the fine structure
of the triplet state. Based on these data, we will
establish defect models and electronic structures
for the spin-1 centers. In Sec. V we describe
supporting evidence for the models obtained from
the (110)-stress alignment of the spectra. Sec-
tion VI is a summary,

II. EXPERIMENTAL PROCEDURE

Electron irradiation was performed at the 4-MeV
Dynamitron at SUNY/Albany. The samples were
cut from a single crystal boule along the (110)
crystallographic axis with a cross section of 2
x 2 mm? and then irradiated at room temperature
(sample temperature <100 °C) with 2. 0-MeV elec-
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FIG. 1. Si-A14 (V,+0] spectrum at 77°K; (a) H,
I {L00) and (b) Hy Il (110). The 2%i hyperfine satellites
are indicated in (a) and each EPR signal is labeled by
the corresponding defect site in (b).

trons. The total electron fluence ranged between
5.0%10'" and 1. 2% 10" electrons/cm? This paper
is mainly concerned with our experimental results
obtained from »- and p-type Czochralski grown
silicon, in which the oxygen concentration is
estimated to be ~10'® atoms/cm? based on the 9. 0-
pm ir band. The initial resistivity prior to ir-
radiation ranged between 1.0 and 10.0 Qcm.

EPR measurements were made with 9. 5- and
35-GHz Varian spectrometers and sample tempera-
tures from 77-300 °K. The relative intensity of
EPR spectra was measured with the Mn?* EPR
signal due to a known number of spins. The total
intensity was measured from the fine-structure
lines and their peak-to-peak linewidth, ignoring
the intensity of the #Si hfs lines.

III. EXPERIMENTAL RESULTS
A. Si-A14 spectrum

Figure 1 shows the EPR signal taken at 77 °K with
the external magnetic field H, parallel to the {(100)
and (110) crystallographic axes; in Fig. 1(a), we
also indicate the hyperfine satellites (hfs) due to
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the #si isotope (I=3% and natural abundance 4. 7%)
in the vicinity of the defect. This new spectrum,
named as Al4, is observed only in Czochralski-
grown silicon, and not in float-zone refined sam-
Three weak lines near 3250 G could not be
identified because of severe overlap at other
Beside this new spectrum, we resolved
the known spectra, Bl, G7, G8, G15, and G16 in
We did not observe the P3, PS6,
and A5 spectra which were found in®!7 neutron-
and in*'37 heavy-ion bombarded silicon,

The Al4 spectrum requires the spin Hamiltonian

s=ppH-2-§+8.B.8+Y 1,-%,.§, 1)
i

with the effective spin S=1 to describe the angular
variation of the spectrum. The first term presents
the electronic Zeeman interaction, the second
term is the fine structure, and the last the magnetic
hyperfine interaction with a nuclear spin 7;. The
angular dependence is shown in Fig. 2(a), where
the solid lines represent the fine-structure lines
calculated from Eq. (1) using the coupling parame-
ters in Table I and the coordinates shown in Fig.

3. The resolved hyperfine structure due to the
231 isotopes is given in Fig. 2(b); the intensity
ratio of the hfs line to the corresponding central
line is 5.3% indicating that two equivalent sites
participate in the hyperfine interaction. The
hyperfine axis (4,) is parallel to a (111) crystal
axis. For later use, each fine-structure line in
Figs. 1(b) and 2(a) is denoted by a corresponding
defect site with respect to the laboratory system
in Fig. 3; e.g., ad represents a defect whose g;
axis is closest to [111] (d) and g; axis closest to
[111] (a) as shown in Fig. 3.

The total intensity of the A14 spectrum was
measured at 77 °K as a function of the electron
fluence, and the results are given in Fig, 4. The
Al4 defect grows linearly with the fluence and
saturates at a fluence of approximately 8x 108
electron/cm?, where the estimated spin density is
2x10'7 spins/cm®, The production rate is ap-
proximately 0.05 cm™!, We note that the defect
production rate of the [V + O] center is 0.1 cm™!
at E=2,0 Mev and of the [V,] center is 0.01 cm™!
at the same energy. ® This comparison suggests
that the A14 defect is produced by a direct col-
lision process and is a major defect.

The amplitude (peak-to-peak height, A,)) of the
ad site appears to be larger than that of the bc
site, as shown in Fig. 1(b), but their intensities
[(AH,)?x A, ] are identical to each other, as ex-
pected if the defects are equally populated among
differently oriented sites. The peak-to-peak half-
width (AH,)) at 77 °K is 6.1 G at the bc site and
4.9 G at the ad site. The difference in the ampli-
tude between these two defect sites is observed
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FIG. 2. Angular variation of the A14 [V, + O] spectrum
in the {110} plane at 77°K; (a) the fine structure and (b)
the hyperfine structure due to 2%Si. The solid lines are
from theoretical calculation and the measurement was
made at v=9,105 GHz. Each fine structure line is labeled
by the corresponding defect orientation in the lattice.

without regard to the bombarding electron beam
direction, namely, either along a (110) or (100),
and is persistent under heat treatment until the
spectrum anneals (350 °C).

Two samples, n and p types of Czochralski grown
silicon were heat treated in an argon ambient for
30 min and EPR measurements were performed at
77 °K with the 9.5 GHz bridge. Beyond 350 °C,
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FIG. 3. Geometry and axes of the principal coordinates.

only the p-type sample was studied in detail, The
results are shown in Fig. 5. Heat treatment pro-
duces two new spectra, labeled as A15 and A16
and two spectra (P2 and P4) known in neutron-
irradiated silicon® (these four spectra are also
oxygen dependent). We note that a similar anneal-
ing behavior was observed in neutron-irradiated
silicon® in the temperature range 300-500 °C and
that no spectrum has been previously observed at
any temperature above 350 °C in electron-irradiated
silicon,

B. Other information about the spectra

Figure 6 shows the EPR spectra taken with
H,11(100) in a p-type pulled silicon irradiated to
5% 108 electrons/cm?: (a) after annealing at 350 °C
and (b) after 450 °C annealing. The angular varia-
tion of the A15 spectrum in the {110} plane is shown
in Fig. 7; the solid lines are again theoretical pre-
dictions from Eq. (1) using the parameters in Table
I determined by the least-squares method.® The
Al5 spectrum has a triplet spin state (S=1) as
confirmed by the EPR data at two different fre-
quencies, 9.1 and 35 GHz. The Al6 spectrum re-
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FIG. 4. Spin density of Si-A14 [V, + O] vs electron
fluence. The measurement was made at 77 °K with the
n-type sample (py=1.0 Qcm). The rf power at the
cavity was fixed at 4.0 mW. The production rate is es-
timated to be 1=0,05 cm™ at E=2.0 MeV.
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TABLE I. Coupling parameters of EPR centers.
Dy D, D, 6p
Spectrum® & ) &3 6, Ay A, Ag 64
Si-A14 2.0022 2.0088 2.0087 27,7° =*61.8 +£38,5 £21.6 7.0°
69,5 41.6 41.6 36°
Si-A15 2.0045 2.0115 2.0085 0° ¥35.3 +18,1 *17.4 0°
Si-A16 2.0036 2,0112 2,0071 0°
Si-p2°® 2,0019 2,0088 2.0099 32.0° +69.4 +39,7 27,0 6.4°
66.1 37.0 37.0 36°
Si-P2°¢ 2.0020 2.0088  2,0098 37.0° ¥68.7 +39.6 *£29.1 8.3°
Si-P4° 2.0036 2.0082 2.0066 -2,9° F27,5 =*13.0 14,4 6.5°
65.7 45.5 45,5 £36°
Si-P4°¢ 2.0041 2.0089  2.0073 -6,9° ¥27.9 =*13.3 14,6 6.2°
Si-P5°¢ 2, 0050 2.0091 2.0072 0.° +15,3 0.°

¥30.3 +15.0

2Error ranges are Ag; = +0,0003, AD;=*0.5x10™ cm™, and A9,=A0p=1,0°, A-16 is

a spin=3 center; the rest are spin=1. Both D; and A; values are in 107 ecm™.

bpresent data.
“Reference 3.

quires photoillumination to isolate its central lines
from the fine-structure lines of other spectra and
is found to be a spin-% center with C,, symmetry
(see Table I).

The present determination of the EPR parameters
for the oxygen-dependent spin-1 centers is given
in Table I along with the previous one determined
by Jung and Newell® at the same frequency (9.3
GHz). The Al5 spectrum shows a large discrep-
ancy from the P5 spectrum in the g and D tensors,
although the symmetry axes are matched exactly
and the annealing behaviors are identical. Par-
ticularly, the difference in the D, value is about
5 G which corresponds to 15 G in the actual separa-
tion between the fine-structure pair, far outside
the error range; hence the identification as a new
center. The present P2 and P4 data are essential-
ly identical to the previous one within the error
range. We presume that the difference in their
g and D tensors is due to a slightly different en-
vironment of the defect. This difference could be
due to the difference between electron and neutron
bombardments, e.g., neutron irradiation produces
various defect complexes! that are absent in the
electron case, and neutrons are known to produce
a heavily damaged core region.3® We note, how-
ever, that the difference is not just the presence
of a general strain, for in that case there would
be a range of D parameters; instead the discrete
difference between the spectra suggests a discrete

-1

difference in the centers such as might arise from
the presence of a specific additional defect near
one of the centers, as seems to occur with the
“locked divacancies. ”®

In these experiments we were able to resolve,
for the first time, 2°Si hyperfine structure of the
P2 and P4 spectra. Figure 8(a) shows the angular
dependence of the A tensor of the P2 spectrum,
and the A-tensor variation of P4 is shown in Fig.
8(). The relative intensity of the hfs line to the

n-type_,
ala [Vprd)
p-type

RELATIVE INTENSITY
S
T

TEMPERATURE (°C)

FIG. 5. Isochronal annealing (30 min) of a Czochralski-
grown silicon after being irradiated with the 2. 0-MeV
electrons (fluence=5.0x 10!% electrons (cm?).
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FIG. 7. Angular variation of the A15 [V;+0O;] spec-
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FIG. 8. Angular dependence of the 2%Si hyperfine
structure: (a) the P2 [V,+0,] spectrum in the {110}
plane; (b) the P4 [V3+O] spectrum, Inthe P4 spectrum
the solid lines (—o—) are the fine structure and the
dashed lines (—e—) the 2%Si hyperfine structure; A(z) and
A(d) in the hfs lines denote two distinct sets of the hfs
structure (see the text for details).

central line is 5. 2% for the P2 and 4. 8% for P4,
indicating that two nuclear sites are involved in
the hfs interaction for both spectra. The hyper-
fine axis (4,) of P2 is parallel to a (111) axis. In
P4, there are two different hfs axes (4,), 109°
apart from each other; in the coordinate system of
Fig. 3, one is along [111] and the other along [111].
This is confirmed by the fact that the P4 hfs
satellites split in two as the magnetic field moves
from (110) toward the (111) axis in the {110} plane
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and converge back to one at (100) as shown in Fig.
8(b). The P4 spectrum reveals another set of the
#gsi hyperfine structure with the hfs splittings
~3.0 G and the intensity ratio 26% (~10-11 equiva-
lent sites); this hfs separation is too small to
resolve its anisotropy.

C. Temperature dependence of Si-414

The temperature dependence of the A14 spectrum
was studied in the temperature range 77-300 °K;
no variation in either the g or A tensor was ob-
served outside the error range, but the magni-
tude of the zero-field splitting and the peak-to-
peak linewidth of the fine-structure lines change
with temperature. This is shown in Fig. 9, where
AH, (D,) is the peak-to-peak width of the line for
H, along the D; axis and 6D; = H(T) — H;(300°K),
where H; (i=1, 2) is the value (in gauss) of the
separation between the fine-structure pair corre-
sponding to the electronic transitions, (m=0-m
=+1)and (m=-1-m=0), when the external mag-
netic field is along the D; principal axis. The D
values along the D; and D, axis increase with de-
creasing temperature but the amount of the in-
crease is anisotropic; 6D;=6.5 G, 6D;=9.0G, at
77°K, and the ratio 8D, :8D,=2:3 holds nearly
constant throughout the temperature range we stud-
ied. The linewidth is linearly proportional to
temperature [ Fig. 9(a)]; AH,(D,) broadens by
4,1 G in the range 77-300 °K, while AH_ (D,) in-
creases by 6.2 G. The ratio AH_(D,): AH, (D,)
is again 2:3, in agreement with that of 6D,’s.
When the magnetic field is parallel to the D, axis,
no change was observed in the D; value and its

linewidth; AH, (D;)=6.2 G and 8D, =0 throughout
the temperature range. It is clear therefore that
the D-tensor variation with temperature is closely
correlated with the change in AH ;.

The variation of an EPR parameter (D) with tem-
perature can be divided into two parts®; i.e.,

(7), 7). -==(3). @

where a = (8V/37T), is the local volume expansion
coefficient and B= (8 P/8V), the bulk modulus. The
first term represents the “explicit” temperature
dependence (or that due to lattice vibration) and
the second term is the “implicit” term (or that

due to a thermal expansion). Since 6D, through
thermal expansion is probably less than 0.3 G
[which is estimated from our uniaxial stress re-
sult, that (8D,/8P); /Dy <—4%10" atm™], the im-
plicit contribution should be much less than 5% of
the total D-tensor variation in the A14 spectrum.
The anisotropic effect in 6D; and AH , strongly sug-
gests that the dominant effect is due to the explicit
contribution from lattice vibration, but a detailed
theoretical treatment is obviously required to
understand this unusual temperature effect.

IV. DISCUSSION
A. Defect models

We will construct a microscopic defect model
for the oxygen-dependent spin-1 centers (414,
Al5, P2, P4, P5). (In all cases we consider the
model with a metastable triplet state.) Our argu-
ment will be mostly based on our results on the
coupling tensors @ K, B) and the annealing be-
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the simple one-electron method provides a valid
first-order treatment of such defects. As an ex-
ample consider the divacancy. [See Fig. 10(a),

which is the same as the divacancy model if oxy-

havior, Further confirmation of the models from
the stress alignment data will be presented in

Sec. V.
1. Si-A14[V,+0]

Figure 10(a) shows the assumed defect model
for the A14 spectrum; it consists of a divacancy
and a nearly substitutional oxygen which is trapped
near a vacancy site forming the Si-O-Si bond
structure (as in the [V+ O] center®), Its qualita-
tive electronic structure is shown in Fig, 10(b).
Here, we have assumed: (i) that the bond strength
of the Si-O-Si bond is stronger than that of the
Si-Si bond, based on the fact that the bond dis-
sociation energy*? of the diatomic molecule is
8.17 eV/molecule for O-Si, 5,17 eV/molecule
for 0O-0, and 3. 30 eV/molecule for Si-Si (these
values may be somewhat different in the Si lat-
tice); (ii) that the oxygen atom interacts only

with its nearest neighbors since the average Har-
tree-Fock radii*! of the outer valence electrons
are (r);,=1.46 A for Si, (),,=0.65 A for O; and
(iii) that the six Si dangling bonds surrounding the

A-14 [V,+0] @)

divacancy are made of the tetrahedral sp® hybrid b -y
orbitals (¢,, ¢,, ¢., ¢4, ., ¢4. The ortho- {45?_ 4,; b)
normal hybrid orbitals on the oxygen (O) atom = i \
are constructed by taking into account only the ! \
Si(e)-0-Si(f) bond so that the two orbitals are 10k ! !
respectively directed toward the Si(e) and Si( f) ,' \‘
atoms; i.e., - :‘ \\
P = ANZ)[(2 - csc?36) /35 + (cotz0) P, - P,] , oL | Py \\\
(3a) | o
Ya= (1/V2)[(2 - csc?36)! /25 + (cotz6)P,+ P,] , I ;’ Y
L (3b) 3 ,‘ ¢a - ¢d \\\\ 3p
(,[)3: (COtEG)S— (2—' CSCZ%Q)I /ZPX 5 (30) 2 10 / :8:~—~3 ¢G ¢f Ve
> TV ' -4 \
by=P,, (3d) & : by
z L 2p Vs l‘___‘ Ve / ,' v 3s
where ¢ is the angle between the bonds, Si(e)-O \ ' ® S
and O-Si(f) (6=109° for the tetrahedral configura- 20l LA @ ;o
tion), and the coordinate system is indicated in Aoy, vy |
Fig. 10(a). Thus, the orbitals i, and ¥, overlap L i \: ® !
very strongly with the ¢, and ¢,, respectively, ‘,;,' \ i
and weakly with the others. The figure shows 30k ; R AN
bonding (¥,~ ¢, + ¢,) and antibonding (¥, ~ ¢, - ¢,) 2s B |
combinations of the bonds at the end of the chain, L — @
with one electron in ¥, because of thermal excita~- ATOMIC  HYBRID HYBRID  ATOMIC
tion. In so doing, we presume that ¢, and ¢, are _aol "G5S ORBIALS  BONDING ORBITALS  LEVELS

equivalent, even though ¢, is nearer the oxygen
FIG. 10. (a) Atomic configuration of the Al14-defect

than ¢,. For this C;, symmetry all these states
have I'; (or A’ symmetry) and hence can interact
via configuration interaction. A full theoretical
treatment of this defect is beyond the scope of
this paper; here we only discuss the qualitative
features required by the data. First we will re-

view briefly what has emerged by way of theoretical
understanding of the nature of the states of these
Watkins and Messmer*? have shown that

defects.

model [V,+O], (b) Schematic (see text) electronic struc-
ture of [V, + 0% each atomic orbital is defined by its
ionization potential and the energy levels for the hybrid
orbitals are from their expectation values of the atomic
Hamiltonian, e.g., E(sp®) = 0.25E(3s)+0,75E(3p). The
hybrid levels for oxygen are determined for the tetra-
hedral bonding structure (f# =109°). The energy splitting
between the bonding and antibonding orbitals of ¢, and ¢4
is exaggerated in the figure to emphasize the splitting.
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gen is removed.| In forming the “defect molecular”
states the dominant interaction is a bonding dis-
tortion which permits pair-wise bonding of neigh-
bors of the vacant sites, in this case atoms “b

and ¢” and “e and f.” That interaction leaves the
orbitals at the end of the vacancy string (on atoms
a and d) uncoupled. For the spin-3 (one-unpaired-
electron) states which have been observed [V,]*

it suffices to consider the bonding (E ) and anti-
bonding (E,) states formed from these states.

[V,]" is the state with an unpaired electron at the
antibonding level and [V,]* with an electron at the
bonding state. It follows then that the ground state
of the neutral charge state of [V,+ O] is a singlet.
The fact*® that the P3 and P4 spectra are absent

at 4.2 °K seems to suggest that the spin-1 centers
may arise from a metastable excited state through
thermal excitation.® (A detailed study on the
temperature dependence is required to prove this
point. )

This model, in fact, satisfies our experimental
results: the symmetry of ¢ and D tensors is con-
sistent with the defect symmetry; the bond axes
of ¢, and ¢, are parallel to a (111), as observed
in the #Si hyperfine structure; the g shifts (Ag,
=-0.0001, Ag, =0.0065) are what we expected from
the “parallel pair bond, ”* Because of the strong
Si-O-Si bond, the motional effect between the
Jahn-Teller distortions, as observed in the [V,]*
centers!® would not occur in this model, consistent
with the temperature dependence of the linewidth.

2. Si-P2 [V, +0,]

The defect model of the P2 spectrum is shown
in Fig. 11(a). The two oxygen impurities (O’,
0O"’) are trapped at the two vacancy sites, respec-
tively, giving two Si-O-Si structures. Since the
defect has the C,, symmetry, ¥,(0’) and ,(0’) are
allowed to interact, respectively, with ,(0’’) and
¥,(0""), so that the two oxygen atoms are double
bonded by two m-type bonds. However, we éexpect
the total bond strength between two oxygens to be
weak compared with the Si-O-Si o bonding and the
two oxygens would not form an oxygen molecule,
This model not only satisfies the previous results
on the g and D tensors but is consistent with our
new result on the #°Si hyperfine structure which
requires two dangling bonds with the same (111)
axis. The symbols ¥,®¢, and ), ¢, denote the
symmetric and antisymmetric combinations of the
p. functions, e.g., the symmetric is [ p,(0"’)
= pO)].

3 SiP4[V,+0]

Figure 11(b) is the model for the P4 spectrum,
where one oxygen is trapped at the end of a three
vacancy chain along a (110) axis. This model is
the same as the one Brower!® suggested implicitly.
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The symmetry is reduced to C,, by the presence
of an oxygen, as indicated in the symmetry of both
the g and D tensors. We suggest that such a dis-
tortion does not severely influence the resonant
wave function because the ionic size of oxygen

is very small. Thus the wave function localized
at the d site appears to be equivalent to that at the
a site, with the difference between them within
the error range. Two dangling bonds (¢,, ¢,) are
109° apart from each other, which is consistent with
experiment as we will discuss later in Sec, IV C.
The asymmetric two oxygen model which also
satisfies the symmetry can be ruled out since the
defect concentration of [V, + O] is comparable to
that of [V,+ O].

4. Si-P5[V,+0,]

The defect model for the P5 spectrum is shown
in Fig. 11(c). Two oxygens are trapped at both
ends of a trivacancy chain, giving rise to the C,,
symmetry as we observed in the g and D tensors.
Although one oxygen at the middle of the trivacancy
satisfies the symmetry requirement, this pos-
sibility is excluded by the fact that [V,+ O] is
simultaneously present and the [V, + O,] appears
only when [V,+ O,] begins to disappear near 400 °C.

5. Si-AIS[V3+0,]

The defect model for Al5 is shown in Fig. 11(d).
The arguments concerning the bonding, symmetry
and energy levels is essentially the same as for
the [Vy+ O,] center, which also has C,, symmetry.

B. Annealing kinetics

It is well known in silicon that the oxygen-asso-
ciated vacancy defect is much more stable than the
intrinsic vacancy defect (e.g., the [V+ O] center
anneals at 350 °C, whereas [V]* centers disappear
below — 200°C). But we see here that [V,]* and
the [V,+ O] anneal at about the same temperature
(350 °C). This suggests that [V,+ O] might not
dissociate into smaller point defects at that tem-
perature, but acts as a sink to trap other point
defects. When [V,+ O] acquires an extra vacancy,
which is presumably created by the dissociation
of [V,], it converts to [V,+0]. When [V,+ O]
traps an additional oxygen released by [V + O],
(which also anneals in this temperature range), it
becomes [V,+0,]. Because of the smaller intensity
of [V,+0,] (see Fig. 5), most of the oxygens re-
leased by [V + O] at 350 °C return to the normal
interstitial site of oxygen (the bond-center posi-
tion) and only a small portion of them participate
in the defect transition. By 400 °C, [V,+ O,]
transforms to [V,+ 0,] or [V,+ O,] by trapping a
vacancy or a vacancy plus oxygen. The mechanism
of the loss of the trivacancy complexes is not clear.
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FIG. 11. Defect models and schematic electron configuration: (a) [V, +O,] for the P2 spectrum; (b) [V3+ O] for the
P4 spectrum; (c) [V5+0O,] of the P5 spectrum; (d) [V3+O;] of the A15 spectrum. The symbols ¥, ¥4 and {4 e {4 denote
the symmetric and antisymmetric combinations of the p, functions, e.g., ¥,(0')®¥4(0") is essentially p,(O”) —P (O").
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TABLE II. Hyperfine parameters and wave-function coefficients.

Number
Spectrum aj b; N of )
model 10% em™ @0 em™) H gt A Z s sites
i
Si-A14 50.9 9.30 0.12 0.88 0,31 0,62 2
[V, +0]
Si-P2 46,7 9,70 0.11 0,89 0,32 0.64 2
[Vy+ 0Oyl
Si-P4 52,2 6.73 .16 0.84 0,24 0,48 2
[vy+ 0l
5.6 0 .0 0 0,004 0.05 ~12

More detailed studies are required to establish
the actual energetics of all these processes.

C. Hyperfine interaction

The Hamiltonian for the hyperfine interaction is
= [(IIe' I.T"N)/V3 - 3(/::9- E(F' /IN)/VS]
~§mily - 06 - | T,] 5y - DI/ @)

where the first terms are the magnetic dipole-
dipole interaction between the electronic magnetic
moment ({I,=g,1,S) and the nuclear moment
(Ty=gyiyT), the second term is the Fermi con-
tact interaction and the third one the orbital inter-
action of the electron with the nuclear magnetic
moment. The orbital term does not contribute to
the hyperfine interaction in the zero-order ap-
proximation, since we know from the g tensor that
the orbital angular momentum is very much
quenched; however, it does appear in second or-
der, predominantly, through the spin-orbit in-
teraction, If the g shift is significant, the second-
order contribution cannot be ignored. Thus, if
we include the second-order perturbation of Eq.
(4) via the spin-orbit interaction, ** an axially
symmetric A tensor for the jth nucleus can be de-
scribed as follows:

Al=a;+(2-3Ag,)b, (5a)
and

Al=a;-(1-8 ag)b;, (5b)
where

a;=8mgogy g by 235 D350 |3
and

by=5gogn gy BINT03H); -
We assumed here that (a) the resonant wave func-
tion is composed of hybrid orbitals on each end of
the chain, i.e., ¥=%,;n; (a;¢fs+ B; ¢ip) (with 22
+B2=1 and Ejn?: 1), and that (b) the g tensor is
also axially symmetric.

Using gy=—1.1106, |¢;,(0)I%=31,5x%10* cm™,
and (r;3)=16.1x10% cm™ for the #Si atom, * the
parameters, o%, %, and n2, of the resonant
wave function are estimated for the A14 [V,+ O],
P2 [V,+0,], and P4 [V,+ O] spectra and are given
in Table II. Since the second order correction
[the terms involving Ag, in Eq. (5)] are found to be
less than 3% (e.g., the error in 7% is only 0.025
for [V, + O]), our calculation is based onthe zero-
order alone, The resonant wave function of the
Al4 spectrum consists of the 12% s and 88% p
wave function and only 31% of the total wave func-
tion is equally localized at each of two nuclear
sites; the remaining 38% is presumably associated
with orbitals on other neighboring atoms. The
hfs structure of P4 accounts for only 53% of the
wave function, even including the other resolved
hyperfine interactions.

For all three complexes, the hybrid orbital has
a strong p character. This is in fact one of the
common features in the vacancy-associated de-
fects in silicon.* From the anisotropy of the g and
D tensors, the vacancies must contain a {110} sym-
metric plane whose normal is parallel to the g,
(and D,) axis. Whether there are odd or even
number of vacancies along the (110) chain can be
deduced from the axis of the hyperfine component
(A,); both Al14 [V,+ O] and P2 [V,+ O] spectra must
involve even number of vacancies because the
bond axis of the two dangling bonds are parallel;
the P4 [V,+ O] spectrum must contain an odd num-
ber of vacancies because the two bond axes are
canted to each other by 109° in the same {110}
plane.

Therefore, the hyperfine structure strongly sup-
port the assumption that the defects responsible
for the Al14, P2, and P4 spectra are indeed va-
cancies in the {110} plane trapped by impurity

oxygen(s).
D. Electronic spin-spin interaction

As we have discussed in Sec. IV C the resonant
wave functionis mostly localized at two nuclear
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sites, The two spins, each of which resides at a
different atomic site, are interacting with each
other, forming a spin triplet state. The interac-
tions between a pair of spins have been reviewed
elsewhere?® in great detail. In all the spin-1
centers we mentioned above, all the experimental
data ar(i_’describable by a symmetric, traceless
tensor (D).

Jung and Newell® argued that the fine structure
of the P3 spectrum is mainly due to the magnetic
dipole-dipole interaction,

Deﬁ%g%u?g(@l-52)/73—3(51'F)(§z'?)/”5> .
®)

They estimated (erroneously®*) that the distance
between the two spins might be ~5.42 A, i.e., the
lattice constant. Thus, for the P3 spectrum,
the experimental D values were about the values
predicted by Eq. (6) for [V,]. Brower'*? extended
their argument to include other spin-1 centers
using a correct estimate of the D values and proposed
the defect models for P2, P4, and P5 similar to
ours in Sec. IVA. Figure 12 shows the D, value
with respect to the distance between two spins esti-
mated from Eq. (6) for o- and m-bonding orbitals.
Also plotted are all the experimental D, values for
the spin-1 centers in silicon, except [V+Al]. The
D values indicate a one vacancy distance for [V+ O],
a two vacancy distance for [V,+ O] and [V;+ O],
a three vacancy length for [V, + O], [V;+O,), and
[Vs+ O,] and a four vacancy length for [V,]. De-
tailed studies confirm that the SL-1 spectrum®'#
arises from a triplet (excited) state of the well-
known [V + O] center. Studies on the P3 spectrum
also indicate that it is a {110} planar tetra-vacan-
cy chain, %47 -
Equation (8) satisfactorily accounts for D for all
the centers, consistent with our defect models,
except [V+ Al] where a large D value (D;=0. 2809
cm-!) was attributed to the spin-orbit interaction.
The spin-orbit interaction cannot be a major ori-
gin for the fine structure of all the oxygen-depen-
dent spin-1 centers we are dealing with, because
D,; is not proportional to Ag;; in the spin-1 centers
in Table 1. (This proportionality holds in [V + Al].)
Another possible origin could be the super-ex-
change interaction, *® which might take place through
an oxygen impurity in the oxygen-vacancy com-
plexes. Moriya*® showed that the symmetric part
of the traceless D tensor is proportional to the
square of Ag;, [i.e., D;;~2J(Ag;;/g;;)? where J
is the isotropic super-exchange interaction]. Thus,
the super-exchange contribution is too small to be
the dominant source of D;;. We note however that
there is a systematic trend in the defects contain-
ing oxygen, i.e., the more oxygen, the larger the
D tensor. We suggest that this latter small ef-
fect may be due to a super-exchange interaction.
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FIG, 12. Principal D values vs the separation between

two interacting ions; the calculation is based on the point
dipole model. The Dy values of all the spin-1 centers
(excluding only G9 [V +Al]) in silicon are listed wtih a
bar. The abscissa is also calibrated in number of
vacancies between the two occupied end sites on a (110)
chain of vacancies.

We argue this because the differences in the D
tensors and the g shifts in sequences ([V,+ O],
[Vo+ 0p)) and ([V4+ O], [Va+0,l, [V3+0s;]) each
show a “Ag; ;-vs-D,;” relationship and yield a

J~0.01 eV in all cases,

V. STRESS EFFECTS

The response of the 414 [V,+ 0], P2 [V,+ Oy,
and P4 [V,+ O] spectra to an (110) uniaxial stress
at an elevated temperature provides additional
important support for the defect models. Figure
13 shows typical data for the P2 and P4 spectra;
(a) the actual spectra taken before the sample were
stressed and (b) the same spectra after the sample
were cooled downto room temperature from 185 °C
under the (110) stress (2450 kg/cm?). Each fine-
structure line is indicated in terms of its defect
orientation (see Fig. 3). The defect ad is the one
with its g, axis (Si-O-Si bonding direction) parallel
to the (110) stress direction and bc is the defect
whose g, axis is perpendicular to the stress axis.
Watkins and Corbett!® observed that the divacancy
is preferentially aligned under a (110) compres-
sion in favor of the defect whose orientation is such
that the axis joining the pair-bonding silicon
atoms (g, axis) is parallel to the stress. The com-
pression pushes the pair-bonding atoms [for in-
stance, the atoms b and c in Fig. 10(a)] closer
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FIG, 13. Anisotropic stress alignment of differently
oriented equivalent defects in the P2 and P4 spectra;
(a) before an external stress was applied, and (b) after
the sample was cooled down to room temperature from
185°C under a (110) axial stress, A considerable
change in the intensity of the ad and bc lines is indicated
by a dashed line.

together so as to lower their energy. We observe
the same effect here in [V,+O,] and [V,+O]; i.e
under (110) compression, the number of defects
at the ad site is increased, whereas the number
at the bc site is decreased (N> N,,> N,;> N,.).

A similar experiment was also performed for

[V,+ O] applying the (110) stress (2100 kg/cm?) at
190°C. The [V,+ O] center is aligned in favor of
the defect site whose g, axis is parallel to the
stress, as in the case of [V,+0,] and [V;+ O].

The degree of alignment, defined as

n/ny = (Nyg+ Nop+ Nao)/ (Nyo + Nyp+ Ny (7)
is estimated from the alignment data and the re-
sults are presented in the last column of Table
III.

We analyzed previously*? the quenched-in align-
ment in terms of the piezospectroscopic tensor
(B). For the Cy,-symmetric defect, the defect
concentration of each defect type (N, N,., Ny,
N, is proportional to the Boltzmann factor at a
given temperature (7). Thus, the relative con-
centration in the deformed crystal can be written

Ny /Ny =exp(- T, /T) , (8a)

Ny /Ny =exp(= Ty /T) , (8b)

N, /Ny =exp(-T,/T), (8c)
with

kT, =-2pSy(By— By) ,

kTg=~ %P[(Su = Si2— S44) By + (S11 = S12+ S4s) B,
= 2(Sy1 = S12) By = V2S5, By] ,

kT,== (p/V2)SyB, ,

where p is the external stress, % is the Boltzmann
constant, and S is the elasticity tensor of the host
lattice (S;;="7.68%10""® cm?/dyn, S;,=-2.14
x1071% ¢m?/dyn, S,,=12.56%10"1® cm2/dyn). The
parameters, By, B,, B; are the change in the de-
fect energy due to the stress along the [011],
[011], [100] axes, respectively [see Fig. 10(a)].
B, is the defect energy change in the (011) plane
by a shear stress. Using Egs. (8) the piezo-
spectroscopic parameters for the Al14, P2, P4
spectra are estimated as given in Table III; B,
can be calculated directly from Eq. (8c), but
estimation of B;, B,, and B; requires an assump-
tion [either tr(é) 0 or B;=0], because the hydro-

TABLE IIl. Parameters of piezospectroscopic tensor under the (110) uniaxial compression [in eV/(unit
strain)]. The values in parentheses are calculated on the assumption B;=0.
Spectrum Stress Temp. T, Ty T,

model  (kg/cm?) cc) (°K) K) °K) By B, B; B, ny/n,
Si-A14 2100 190 —185.2 -5.12 -=172.6 -5.76 6.59 0.83 8.14 1.50
[Vy+0]° (—4.72) (7.63) 0)
Si-P2 2450 185 —-232.1 —46,4 —-146.2 -6.07 7.21 -1.14 5,91 1.46
[V, +0,1° (—4.63) (8.65) (0)
Si-P4 2450 185 —-396.2 —-368.4 -378.2 -1.06 21.6 -20.5 15.3 2.33
[Vvy+0OJ° (25.0) (47.2) 0)
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static pressure data are not available for any de-
fect in silicon (for details, see Ref. 49).

n, /n,>1.0 implies that more “bent-pair bonds”
[e.g., b-c bond in Fig. 10(a)] are in the direction
along the g, axis than along other principal axes
which is also the case for the {110} planar vacancy
chain defects.*” This is actually consistent with

our defect models for the A14, P2, and P4 spectra.

This argument is further supported by a large
positive value in the B, parameter and a small
negative value in the B, parameter in these spec-
tra. In[V,+O] (Fig. 10), we see that one Si-Si
bonding orbital (¢,+ ¢.) and one Si-O-Si orbital
(do+ 1, s+ ,) shift their energy levels lower
when the pairs of atoms, 5 and ¢, e and f are
forced closer together by the stress along the
[011] axis. Thus, the B, value is expected to be
positive and the largest of the four parameters,
consistent with the results in Table III. When the
stress is along the [011] axis (the B, direction),
the antibonding orbital (¢, - ¢,) moves up, result-
ing in a negative B, value (a small B, is due to a
weak coupling between the ¢, and ¢, orbitals). We
anticipate a similar result in [V,+ O,] [Fig. 11(a)],
since the energy change in the Si-O-Si bonding or-
bital is almost the same as that in the Si-Si bond-
ing orbital as observed in®? [V+ O] [Bg;_g; = 16 eV/
(unit strain), Bg,.o.g;=17.2 eV/(unit strain)]. The
B, value should be a small negative value too, be-
cause the antibonding orbital (¢, - ¢,) goes up as
the two atoms @ and d come closer together. In
[V,+ 0] [Fig. 11(b)], we expect a positive B, value
which is larger than that for [V,+ O] and [V,+ O,]
(since it contains two “Si-Si” and one “Si-O-Si”
bond structures) and a small negative B, for the
same reason as in [V,+ O] and [V,+0,]. We find
a considerably larger B, and B,, which indicates
that the actual defect is significantly distorted from
the frozen lattice model. This is also what we ex-
pect from the g and D tensors of [V,+O].

Therefore, our stress results agree fairly well
with our expectation from the defect models, and
we will take these results as strong confirmation
for our defect models.

VI. SUMMARY AND CONCLUSION

Three new EPR spectra, Si- 414, -Al5, and
-A16 are reported in this paper and the five
spin-1 centers, Si-A414, -415, -P2, -P4, and -P5
are studied in detail. They are all found to be due
to various oxygen-associated defects produced by
electron radiation. Although the two spectra (P2
and P4) were previously seen in the neutron- and
in heavy-ion-bombarded silicon, this is the first
time that these oxygen-dependent spin-1 centers
are observed in electron-irradiated silicon.

A reasonable defect model is established for
the oxygen-dependent spin-1 centers; the Al4
spectrum (which anneals at 350 °C) is attributed
to the one oxygen + divacancy complex [V,+0]°,
the P2 spectrum to the two oxygen+ divacancy
complex [V,+ 0,]|% the P4 spectrum to the one
oxygen + trivacancy complex [V,;+0]°, P5 to the
two oxygen + trivacancy complex [V,+0,]° and the
Al5 to the three oxygen + trivacancy complex
[V4+0;]°. These defect models satisfy our EPR
data: the symmetry of ¢ and D tensors is consis-
tent with that of the defect model; two broken
bond axes (¢, and ¢,) are parallel to the hyperfine
axis of the A, component; the magnitude of D,
provides the reasonable number of vacancies along
a (110) chain. The temperature dependence and
quenched-in stress alignment provide additional
supporting evidence.

Based on the identification of those oxygen-as-
sociated defects and their annealing behavior,
we conclude that the stability of a defect in silicon
is related to the number of oxygen atoms being
trapped in the {110} planar multivacancy chain and
that the oxygen-multivacancy complex plays an
important role as a sink to trap other point defects
such as a vacancy or an impurity.
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