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Defects in irradiated silicon: EPR and electron-nuclear double resonance of interstitial
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An EPR spectrum, labeled Si- G28, is identified as arising from neutral interstitial boron in silicon. It is
produced by 1.5-MeV electron irradiation at 20.4'K, presumably when a substitutional boron atom traps a
mobile interstitial silicon atom which is produced in the original damage event. Three possible models are
discussed which are consistent with the EPR and electron-nuclear double-resonance results: (a) a bent Si-8-Si
bonded interstitialcy; (b) a similar Si-Si-8 interstitialcy; or (c) a Jahn-Teller distortion of the boron from the
hexagonal interstitial site in the silicon lattice. Uniaxial stress in the presence of light at low temperatures
produces alignment in one of the distortional degrees of freedom for the defect. This is interpreted as stress
alteration of the capture matrix elements for electrons into the difFerently distorted configurations. Polarized
light is also found to produce alignment in the absence of stress into a second degree of freedom for the
defect. Thermally activated recovery from this alignment reveals an activation energy for reorientation of 0.6
eV. Interstitial boron is unstable at room temperature, disappearing in —30 min with an activation energy
also of -0.6 eV. It is suggested that annealing may result from long-range migration of the interstitial
boron with the one-jump diffusional process being identical to the 0.6-eV reorientational process. This is a
natural consequence of models (a) or (c). The reorientation stimulated by light at 4.2'K, therefore, indicates
that athermal migration may be induced by the light. An attempt to test this using 1.06-pm YAlo:Nd laser
illumination was inconclusive.

I. INTRODUCTION

We have previously reported the formation of
interstitial aluminum in silicon by 1.5-MeV elec-
tron irradiation at 20. 4 and 4. 2 'K. Interstitial
aluminum was found to be a double donor and, in
the Al'+ state, careful EPR~'4 and electron-nuclear
double-resonance (ENDOR)» studies revealed that
it resides in the symmetrical tetrahedral (T„) in-
terstitial site.

The mechanism of formation was suggested to
be the replacement of a substitutional aluminum
atom by an interstitial silicon atom, which was
produced in the initial damage event and is mobile
at the irradiation temperature. This model has
served as the basis from which all present models
of the role of the interstitial in radiation damage
of silicon derive.

The dominant p-type dopant in commercial sili-
con devices is not aluminum but is boron. Most
studies of the electrical and optical properties of
irradiated p-type silicon have, therefore, been in
boron-doped silicon. Attempts to interpret the re-
sults have had for the most part to rely upon the
understanding derived from the EPH studies in
aluminum-doped material.

In this paper we attempt to rectify this situation.
We report a detailed study of interstitial boron
observed via its electron paramagnetic resonance
spectrum, labeled Si-628. We confirm that the
same interstitial trapping occurs at low tempera-
tures in boron-doped material. Unlike Al", how-
ever, the boron is not in the normal tetrahedral
site. Its electrical activity is also different, being

both a single donor and acceptor. It is also less
stable, annealing at room temperature.

II. EXPERIMENTAL PROCEDURE

Most of the experimental techniques relevant to
these studies have been described in previous
publications. ~'6 EPH studies were performed at
-20 0Hz and observed primarily at 20. 4 'K in dis-
persion. ENDOR was performed at 4.2 'K. Most
of the samples studied were boron-doped (-10'8
cm 3) vacuum floating-zone silicon obtained from
commerical sources. They were irradiated Az situ
at 20. 4 'K with 1..5-MeV electrons from a reso-
nant transformer accelerator.

Light was introduced to the sample via a fused
quartz light pipe from outside the cryostat. Po-
larization was achieved by an HH-2 polaroid fil-
ter on the end of the pipe just above the sample.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental results

1. General

The Si-028 spectrum observed at 20. 4 K is
shown in Fig. 1. It is produced by 1.5-MeV elec-
tron irradiation at -20. 4 K and only in boron-
doped silicon. It has been observed in both vac-
uum floating zone (oxygen & 10'6 cm ~) and pulled
(oxygen -10'8 cm ') p-type crystals. In both ma-
terials the production rate is high, being roughly
comparable to that for single-vacancy (V) pro-
duction as monitored by the V' spectrum. ~'7 It
has also been observed in n-type silicon partially
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FIG. 1. Si-G28 spec-
trum at 20. 4'K, Hll (ill),
vo =20. 0 GHz. Some of
the resolved hyperfine mul-
tiplets are indicated.
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counterdoped with boron. (In this material the
low-temperature production rate was an order of
magnitude less, as was the single-vacancy pro-
duction. 7)

The charge state of the defect giving rise to the
Si-028 spectrum does not appear to be stable in
either low resistivity n- or p-type material at
20. 4 K. In e'ach case, near-band-gap light is re-
quired to generate the spectrum. In low-resis-
tivity material, the spectrum decays when the
light is turned off. In p-type silicon, made high
resistivity after prolonged irradiation, the Si-G28
spectrum, once generated by light, remains in-
definitely at 20. 4 K. Warming to -50 K in the
dark removes the spectrum.

2. EPR and ENDOR spectra

The angular dependence of the spectrum is
complex and can be resolved unambiguously only
for the outermost groups of lines, as shown in
Fig. 2(a). This is sufficient, however, for anal-
ysis. The spectrum is analyzed as arising from
a single anisotropic defect species, but distributed
among the various defect orientations within the
lattice, and described by the spin Hamiltonian.

K= P, sH ~ g ~ S+ g {I&~ [Xz S —(P,&/Iz)&]

+ I~ Q~ 1~$,

with S= 2.

Well-resolved hyperfine interactions with the
nuclei of-three distinct atoms j near the defect are
observed. One is with a single boron atom, as
evidenced by the 2I&+ 1 =4 multiplets in Fig. 1
arising from 'B (81% abundant, I= —',). Weaker
multiplets arising from B (19% abundant, I=3) can
also be seen. Two pairs of weak satellites can also be
seen in the wings of the spectrum. These arise
from hyperfine interaction with 2 Si (4. V%%uo abun-
dant, I= 2) at two nonequivalent neighboring sili-
con atom sites.

The results of analysis are summarized in Fig.
3 for one of the equivalent defect orientations in
the lattice. The g values and ~9Si hyperfine inter-
actions were determined directly from the EPR
spectrum. The g values were estimated from the
center of gravity of the extreme "Bhyperfine
multiplets (m = + —,'), and their angular dependence
is shown in Fig. 2(b). The Si hyperfine tensors
were estimated from the angular dependence of
the displaeements of the resolved satellites from
the corresponding "Bhyperfine m = + —', multiplet.

The 'B hyperfine parameters were determined
from ENDOR studies. Here ENDOR transitions
were studied versus magnetic field orientation for
most of the resolved 'B hyperfine multiplets in
the EPR spectrum. The method of analysis has
been described in detail previously8 and will not
be repeated here. Briefly, the principal axes of
A. and Q' were determined from the extrema versus
orientation of H of the sums and differences, re-
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Fig. 3 the four &111)axes are labeled a, 5, c, and
d. We label a defect orientation by two letters.
The first letter denotes the &111)axis closest to
g, (or As, qs), the second, the &111& axis closest
to gl (or A, , Q, ). The defect orientation illus-
trated in Fig. 3 is, therefore, cb.

3'. Analysis of the magnetic hyperfine interactions

Following the procedure used for the analysis
of previous centers, ' we approximate the wave
function for the unpaired electron by a linear com-

-bination of atomic orbitals centered on the atoms
near the defect:

7 I 90-
(a}

7ZOO-

2.006

At each site j we approximate III& as a hybrid
ns-np orbital:

kg= Ny(4. ,)g+ &g(P.I,)g ~

(2)
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spectively, of the nuclear transitions associated
with the M=+ 2 and M= —2 electronic Zeeman
states. [Anisotropy in X causes the effective field
at the nucleus to depart from the direction of H

when it is not along a principal axis of ™A. This
must be corrected for in determining the principal
axes of Q' (see Ref. 13 in Ref. 8). For instance,
the 10' difference between the A, and Q~ axes given
in Fig. 3 is observed as a 25' difference in the
external field H direction. ] The principal values
of X and Q' were determined by analysis of the
transitions with H along the three principal axes
of X. Solution of Eq. (1) to first order in Q'/
IMA- (p/1}IIl and second order in A/gpsHwas

found to be sufficient. The absoulte signs of the
components of X and Q' could not be determined,
but their relative signs, indicated by the choice of
either the upper or lower sign throughout Fig. 3,
were.

For later-use, we label the transitions of Fig.
2 as referring to specific defect orientations. In

(DEGREE)

FIG. 2. (a) Angular dependence of the resolved struc-
ture, with H in the (011) plane, see Fig. 3. (b) Angu-
lar dependence of g.

a~=7«I ~«~)»-&'q~le. .(0)
I & (5)

5& , (q&/r&)q
——P—&q&&r„',&&,

where p, ~ is the Bohr magneton, p,
&

is the magnetic
moment, and I& the spin of the jth nucleus.

For boron, the value of &r33~ & was obtained from
experimental atomic beam hyperfine measurements
for the neutral atom. An estimate of lg~, (0) l2

was obtained by scaling the above value for &xmas~&by

the ratio lIIG, (0) l /(rG~& calculated from Hartree
wave functions. ' '" This procedure has been de-
scribed elsewhere where corresponding values
for silicon have been estimated. The results are

boron:

silicon:

22, (0) I
=9.86(102') cm ',

(xz~&=5. 42(10 ) cm

I P~, (0)
I

= 31.5(10~4) cm ',
&~g &

= 16.1(10")cm-' .
Using these values, we can solve Eqs. (5) and

(6) for a &, P& and ga» using the hyperfine con-
stants given in Fig. 3. The results are given in
Table I. The signs indicated for az and 5& reflect
that of p& as expected from Eqs. (5) and (6). They
are enclosed in parentheses to indicate that they

where n=3 for Si and n=2 for B. To a good first
approximation, the magnetic hyperfine interac-
tion at the jth nuclear site is determined solely
by g&, i.e. , that part of the wave function close
to the nucleus. This leads to a hyperfine tensor
with axial symmetry around the p-function axis,

(A„)~ = a)+ 25~,

(A,),=a, —5, .
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Al =+2L512 + 0.003 (10 cm }

A2 =+4,103 t 0.006 (IO 4cm '}-

A3 =+4.213 i 0.006 {10 4cm I}

8= 42.4 + 0.4o

FIG. 3. Spin-Hamil-
tonian constants and rele-
vant axes for one of the
twelve defect orientations
in. the lattice. %'ith the
magnetic field H in the,

(011) plane as shown, this
set of axes corresponds to
the defect labeled cb.

29S'

AII (I) = 37.5 + 1.0 (10 cm ')

Al (1)=24.3+ 3.0(10 cm )

All 2 190 + 10 (10-4cm-I }

AI (2) = 0 t 5.0 {10 4cm I)

QI
=+0 033 + 0 001 (10 4cm ')

Q2 =+0.023+ 0.002 (10 cm )

Q
= &0.056 + 0.002 (10 cm )

8 =52+ 3'

8 -8 -353'

were not determined experimentally.
From Table I we conclude that -33% of the

wave function is located in a p orbital on a single
boron atom. An equal amount is shared between
two nearby silicon atoms. In this way 67% of the
wave function is accounted for, a value similar to
that generally found in such an analysis for other
radiation-produced defects in silicon. ' ' '

4. Analysis of the quadrupole interaction

The quadrupole constant Q',. along a principal
axis i is given by

Q( = e q, Q/2E(2I- 1),
where eQ is the nuclear electric quadrupole mo-

ment and eq, is the electric field gradient along
this axis at the nucleus. Since the magnitude of
eq at the nucleus receives its greatest contribution
from the lowest partially filled p orbitals, ~6 Q',

can be conveniently related to the degree of un-
balanced charge density in the 2p orbitals of the
boron atom. The 'B quadrupole coupling con-
stant for an electron in a single 2p orbital directed
along axis i (i.e. , m&

——0) can be estimated from
the coupling constant measured from atomic beam
studies

(e e; Q)pg = —2(e'qQ) „, = —1.V98(10 ') cm ' .

The measured values of Q,', Fig. 3, therefore,
indicate an unbalanced charge density equivalent
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TABLE I. Hyperfine parameters (a& and b~) and the
corresponding. molecular wave-function coefficients (n2&,

P&, and g&) calculated from the observed hyperfine-in-
teraction constants.

a& 5&

Atom (10 cm ) (10 4 cm ) e

28Si(1)

"Si(2)

(+) 7. 74

(-) 28. 7

(-) 6.3

(+) 5.79 0. 03 0. 97

( )44
(-) 6. 3

0.14 0. 86

0. 02 0, 98

0.33

0.15

0.19

to -19/p that of a pure 2p orbital directed along
the three axis. (We ignore the small anisotropy
from axial symmetry of ™Q'.) The sign of Qs, ar-
rived at assuming A& positive, indicates an excesS
electronic charge density along the three axis.

B. Discussion

1. General

In the boron-doped material studied here the
isolated vacancy is observed to be produced at
essentially the same rate as in the corresponding
aluminum-doped material. The only significant
difference is the formation of the Si-G28 spectrum
instead of that of interstitial Al". The. resolved

B hyperfine interaction demonstrates unambig-
uously the presence of a boron atom in the defect.

We, therefore, conclude that the Si-628 spec-
trum arises from interstitial boron. The low
symmetry of the spectrum reveals, however, that
the boron is not situated in the center of the nor-
mal tetrahedral (T~) or hexagonal (D,~) interstitial
site. Bather it must be distorted out of such a
position, perhaps into a bonded "interstitialcy"-
like configuration. This contrasts with interstitial
Al" which was observed to have the full T~ sym-
metry of the undistorted tetrahedral interstitial
site

2. Nodel

Previous studies in aluminum-doped p-type
silicon~ 3 have demonstrated that the principal
defects produced by 1.5-MeV electron irradiation
at g20. 4 'K are isolated lattice vacancies and in-
terstitial Al" ions. This has been interpreted to
indicate that the interstitial silicon atom, pro-
duced in the primary damage event, is mobile at
this low temperature and is trapped by the sub-
stituti. onal group-III atom, producing interstitial
aluminum. '

In Fig. 4(a) we suggest a possible model for
the defect. Here a neutral boron atom is nestled
into a bonded configuration between two normal
nearest-neighbor silicon atoms. It is not in line
with the nearest-neighbor silicon atoms but forms
a bent-bond structure as shown. Such a configura-
tion is perhaps not unreasonable, being similar
to that established for interstitial oxygen,
which comes from the same row in the periodic
table. In this model the Q3 axis reflects the ex-

II II

C

8'
D~d

ATOM
Ih

FIG. 4. Models for neutral interstitial boron: (a) a bent-bond Si-B-Si interstitialcy; (b) a bent-bond Si-Si-B configura-
tion, which can be viewed as a distortion from the tetrahedral interstitial site (T); (c) a Jahn-Teller distortion from the
hexagonal interstitial site (P). In (c) the Jann-Teller distortion arises from the degeneracy of the e„orbital (D3$ Ci~)
and does not exist for B'.
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cess electronic charge density aseociated with
the Si-B-Si bonding. The hyperfine (A~) and @-
tensor (g~) aXes on the other hand reflect the un-
paired electron orbital which, on the bor'on atom,
is comprised of a nonbonding p orbital, directed
as shown. - In this bent configuration, the two
neighbor atoms, Si(l) and Si(2), are inequivalent
and are identified as the two inequivalent silicon
atoms observed in the resolved hyperfine interac-
tions, as shown.

A second model is considered in Fig. 4(b). This
can be viewed as a simple displacement of the
boron atom from the T„ interstitial position, as
shown. If the borori atom were to retain its
ground sf~ configuration, the distortion could be
viewed simply as a Jahn-'Teller effect, associated
with the degeneracy of the singly occupied p' or-
bital. Howe'ver, in this case the quadrupole in-
teraction mould be expected to reflect this p or-
bital and have its major axis parallel to A&. The
configuration of Fig. 4(b) would, therefore, ap-
pear to be. consistent; with the observed quadrupole
interaction only if the boron entered into sub-
stantial bonding with Si(1) and its filled orbitals
had substantial p character along the B-Si(1)direc-.
tion. As such, both models of Figs. 4(a) and 4(b)
ean be viewed as distorted (111)bonded inter-
stitialey configurations, that of Fig. 4(a) being
(Si-B-Si), that of Fig. 4(b) being (Si-Si-B).

A third model is considered in Fig. 4(e). This
can be viewed as a simple displacement of the
boron atom from the hexagonal interstitial posi-
tion (H), as shown. This represents a nonbonding
position for the boron atom, the Q,

' axis here re-
flecting a filled nonbonding atomic p orbital di-
rected along the open interstitial channel. A sim-
ple molecular orbital model for this structure is
also included in the figure. In this model the
cage of silicon atoms surrounding an interstitial
site is considered to be strongly repulsive to the
boron electronic orbitals because all of the sili-
con bonding states are filled. This inverts the
normal s-p energy splitting for the free boron
atom, the more compact p orbitals now being
lower in energy. In the hexagonal site (Ds~) the
~„orbital is the p state directed in the (ill) di-
rection along the open interstitial space (perpen-
dicular to the plane of the puckeredsix-membered
ring of silicon atoms surrounding the hexagonal
site), and is lowest in energy because it overlaps
least with the silicon atom bonding electron den-
sity. In the B' state, two electrons are in this

p orbital and the hexagonal site wouldbe the stable
position. For Bo, the third electron goes into an
e„orbital (p function in the plane of the Si~ ring)
and a Jahn- Teller distortion results.

In this third model, ~9Si hyperfine interactions
would arise from admixtures of the corresponding

symmetry orbitals on the surrounding silicon
atoms. For the six atoms in the puckered ring
surrounding the hexagonal (D3„) site, both overlap
and symmetry (e,„) considerations suggest domi-
nant contributions from the pair which are ap-
proximately in line with the unpaired orbital p

function on the boron, i. e. , the pair in the plane
of Fig. 4(c) as indicated. The distortion from the
hexagonal site would destroy their equivalence,
consistent m'ith the observation of two inequivalent
hyperfine interactions.

Of the three models, the Si-B-Si interstitialcy
of Fig. 4(a) is, in many respects, the logical
choice. As has already been m'entioned, oxygen,
from the same rom in the periodic table, is known
to enter into such a bonding configuration in sili-
con. The quadrupole and hyperfine parameters ap-
pear to follow logically from the model. In addition,
calculations using extended Huckel theory (EHT) on
large clusters of carbon atoms have predicted that
the boron interstitial prefers a bonded interstitialcy
configuration in the similar material, diamond. ~0

However, in Sec. VI, it will be found that one
experimental result is difficult to reconcile with the
model of Fig, 4(a). As a result, the models of
Figs. 4(b) and 4(c) must be considered realistic
candidates. In this regard, the EHT calculations
of interstitials in diamond did indicate a reversal
of the s-p atomic splitting with the P-orbital ener-
gy lowest in the hexagonal and tetrahedral sites.
This requirement, common to some extent for the
models of both Figs. 4(b) and 4(c) (in order to ex-
plain the p-orbital charge density revealed by Q3),
therefore receives some justification from these
calculations.

The configurations and axes shown for the mod-
els of Fig. 4 are drawn to correspond to the axes
of Fig. 3 and, therefore, correspond to the de-
fect labeled cb. We note that the first label de-
fines the preferential (111)axis as revealed by

Q,'. The second letter defines the direction of the
off-axis distortion of the boron as revealed by A,
and g&.

IV. NOTIONAL EFFECTS

A. Low-temperature stress studies

In p-type silicon made high resistivity after
prolonged irradiation, the Si-628 spectrum was
first generated with light and then the light was
turned off. In such high-resistivity material, the
Si-628 spectrum remains indefinitely at 4. 2 or
20. 4 'K and can be studied in the absence of light.
Uniaxial stress up to -500 kg/cm2 was then ap-
plied along a (110) axis of the crystal. No change
was detected in the relative intensities of any of
the spectral components at either 4. 2 or 20. 4 K.
Also, no change was detected as the sample was
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allowed to warm to -50 'K with stress applied, at
which point the spectrum disappears. We con-
clude, therefore, that the defect cannot reorient
as a result of thermal activation at these tempera-
tures.

The sample was also cooled under stress from
T &180 to 20. 4 K. The stress was then removed
and the signal generated by light. Again, no de-
tectable alignment of the defects was detected.

However, if 'stress is applied at 4.2 or 20. 4 'K
in the presence of light, significant alignment is
observed. If the light is then turned on in the
absence of stress, the alignment is removed.
The rate of the buildup or decay of the alignment
is proportional to the intensity of illumination
and appears to be equal to the initial generation
rate of the spectrum.

If the defects are aligned and then warmed with
both stress and light removed, the alignment re-
mains until -50 'K at which point the spectrum is
lost. Upon recooling to 20. 4 K and regeneration
with light, the spectrum reemerges but with the
alignment gone. Alternatively, if the spectrum is
regenerated with the stress on, it emerges with
full alignment. Prolonged illuminationwithstress
does not increase the degree of alignment.

We conclude, therefore, that the alignment is
achieved during the electron-capture process that
produces the Si-628 charge state. This suggests
electron capture into an excited state of the de-
fect prior to decay to the ground configuration.
Two possible mechanisms exist: (i) If reorienta-
tion is possible in the excited state, and its life-
time is long enough for thermal equilibrium to be
established, subsequent decay to the ground state
could produce the observed alignment; (ii) Al-
ternatively, an undistorted excited state could
have its matrix elements to the different dis-
torted ground configurations altered by the stress.
In this case, the transition probabilities for de-
cay to the different orientations would be cor-
respondingly altered, producing the alignment.
The first mechanism would produce a Boltzmann
distribution between the distortions resulting in a
temperature dependence of the alignment. The
second mechanism would be temperature inde-
pendent.

In Fig. 5 we show the alignment observed versus
temperature and stress. The lack of temperature
dependence suggests the second model where the
capture matrix elements to the ground configura-
tion are altered by the stress.

Careful study of the relative intensities of the
resolved spectral components indicates that only
a limited reorientation of the defect is occurring.
In terms of the labeling notation, the first letter
remains unchanged but the second letter changes.
In terms of the models in Fig. 4, the high elec-

4.0

bd, cd

2.0
'K

4.2'K

I—

1.0
0-
I—
CA

LLI

'K

20.4'K

ob, ac

0.2 '

0

FIG. 5.
of light at
the ratios
plets.

I I

200 500 400

PRESSURE (kg/cm )

Alignment produced by stress in the presence
the indicated temperatures, as measured by
of the intensities of selected resolved multi-

I

100

tron density (111)axis associated with Qs remains
fixed but the off-axis distortion of the boron can
change between any of the three possible distor-
tions.

The association of the alignment withthe capture
process and the failure to detect any alignment
memory between bleaching and regeneration sug-
gests that this off-axis distortion may occur only
when the electron is captured.

B Polarized light studies

Prolonged illumination with polarized light of
energy~ear the band gap at 4. 2 or 20. 4 'K also
is observed to produce an alignment in the spec-
trum. This is illustrated in Fig. 6. The nature
of the alignment is qualitatively different from that
described in Sec. IVA. Here the alignment is as-
sociated with a change in the first letter of the de-
fect labeling scheme. In terms of the model of
Fig. 4, the (111)axis associated with Q,

' has
changed. The alignment is also of a much more
permanent character. The alignment remains
even after warming to g 180 "K, recooling, and
regenerating the spectrum with unpolarized light.

The dependence of the alignment upon the orienta-
tion of the polarization of the light is shown in
Fig. 7. Plotted are the relative intensities of the
different resolved spectral components after
saturation alignment has occurred at eachpolariza-
tion direction. The maximum intensity of a spe-
cific defect orientation is seen to occur when the
polarization vector is along the (111)Q~ axis of
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the defect. The minimum intensity occurs when
the polarization is perpendicular to this axis.
This clea,rly demonstrates that the realignment is
being stimulated by a local optical excitation at the
defect. The sense of the alignment indicates that
the optical transition has its dipole moment per-
pendicular to the high electron density (111)axis
(Q,') of the defect.

Such a process can be described as follows:
The fraction of defects N, oriented along the ith
(111)aX18 18 Cletermlned by tile set Of foul' slllllll-
taneous equations

FIG. 6. Alignment achieved with polarized near-band-
gap light at 20. 4 K, as seen in the intensities of the
various spectral components, vs orientation of the po-
larization vector of the light. The resolved high-field.
spectral components at /=+27' are shown [Fig. 2(a)]
and are labeled by their corresponding defect orientations,

regeneration with near-band-gap unpolarized
light studied. The EPR si.gnals initially emerge
with full alignment. Upon prolonged illumination,
the alignment decays exponentially as a result of
the light-induced reorientation. With tungsten
light passed through a water filter the time con-
stant for reorientation was found to be -1500
times that for generation.

A similar study was also performed to separate
out the role of electron- and hole-capture pro-
cesses at the defect in effectirig its reorientation.
Polarized light was again used to align the defects
and the spectrum bleached with 10000-A light.
The growth of the spectrum and the subsequent
decay of the alignment was then studied versus
1.5-MeV electron dose to produce uniform ioniza-
tion in the sample. Again it was found that the
alignment decayed indicating ionization-induced
reorientation. The reorientation rate was mea-
sured to be ]2'oo that of the spectrum generation
rate due to the ionization. From this we conclude
that electron- or hole-capture processes are es-
sentially as effective as direct optical excitation
in reorienting the defect. This observation is
consistent with the requirement of the constant
Kin Eq. (9).31

Thermally activated reorientation was studied
by first optically aligning the defects, and then
studying the isothermal decay of the alignment at

0.4

N, = —3Wl lNl+ Q „Wl ;Pl . „
jAf

We take 5', &, the light-induced reorientation
rate from the ith to the jth (111)orientation, as

W, , =-(1- c„os'e,)yK,
where 8, is the angle between E and the ith (111)
axis. The factor K has been added to account for
processes not reflecting the polarization of the
light such as electron and hole capture at the de-
fect, the nonpolarized component of the light,
etc. In Fig. 7 the solid curves are values cal-
culated from Eqs. (9) and (9) with K=0.9. The
agreement is good, confirming the interpreta-
tion.

The rate of the light-induced reorientation was
studied as follows: A maximum alignment between
the ad and da components (Fig. 6) was first pro-
duced with light polarized along the [111]direc-
tion. The EPH signal was then bleached with
10000-A light and the growth of the signals upon
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FIG. 7. Angular dependence of defect alignment pro-
duced by polarized light at 20.4 'K. The plotted points
are the observed intensities of the indicated spectral
components. The curve is a match to theory, see text.
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various temperatures in the dark. After each
anneal, the sample was cooled to 20. 4 'K in the
dark, the EPH signal regenerated with a short
burst of light, and the alignment monitored. (Be-
cause of the large difference in light-induced re-
alignment rates and generation rates, -z5'oo, this
monitoring procedure was possible without sig-
nificantly altering the alignment. ) Within accura-
cy the decay at each temperature appeared to be a
simple exponential, characteristic of first-order
kinetics. In Fig. 8 the characteristic reorienta-
tion time v determined in these studies is given
versus temperature. The thermal activation bar-
rier for reorientation is thus determined to be

0.6 eV. The preexponential factor is a reason-
able value for a local rearrangement process,
being of the order of kT/h.

C. High-temperature stress studies

Uniaxial stress of -500 kg/cm' was applied
along the [OTl] axis (see Fig. 3) of the crystal
for 15 min at 220 'K and then the crystal was
cooled to 20.4'K with stress on. As can be seen
from Fig. 8, thermally activated reorientation is
fast enough at this temperature for equilibrium
alignment to have been established. Upon re-
generation of the signal with light at 20. 4 'K, a
small alignment was detected, the bj and cj orien-
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(pj+ cj)/(pj + dj ) = 1.10*0.05 (10)

Upon annealing for 15 min at 220 'K with stress
off, the alignment disappeared.

The defect, therefore, prefers to align with its
(111)Qs axis along the compressed direction.

The energy of a defect in an applied strain field
can be written

8~) «y

tations having increased slightly over the aj, dj
orientations. (here j can be a, 5, c, or d, but must
be different from the first letter of the designa-
tion). The measured value was

TABLE II. Activation energy for reorientation from
one (ill) bond axis to another (U) and average "tri-
gonal" stress coupling coefficient (B) for interstitial
boron, and other interstitial-related defects in silicon.

B(int. )

U (eV) 0.60+0.06

a (eV) +1.3

C (int. ) —C(sub. )

1.21+0.08

—6.4"

O(int. )

2. 561+0.005

—7. 6

K. L. Brower, Phys. Rev. B 9, 2607 (1974).
Estimated from Fig. 6 in Ref. a.
'J. W. Corbett, R. S. McDonald, and G. D. Watkins,

J. Phys. Chem. Solids 25, 873 (1964).
Estimated from alignment values given in. Ref. c.

where &,z are the strain tensor components and

8&& are the components of a symmetric second-
rank "piezospectroscopic"22 tensor B. The num-
ber of independent components 8,.&

depends upon
the symmetry of the defect. In Sec. IVA, one
noted evidence that the off-axis distortion of the
boron atom occurred only upon trapping an elec-
tron at low temperatures to give the EPR charge
state (B'). In the B' charge state stable at the
elevated temperatures where stress alignment is
occurring, the center would, therefore, have
trigonal symmetry, the (111)high electron density

(Qs) axts {first letter) being the trigonal axis.
Kaplyanskii~a has shown that for this symmetry
the matrix B has only two independent parame-
ters. In the trigonal axis system (the three axis
is the high electron density axis of the defect) B
has the form

0 +28+ 80

(12)

8 = (E —E,)/S o (011), (14)

where 844 is the shear elastic modulus of silicon
(=12.56&10 s cm /dyn). Our results give

8=+1.2 eV/(unit strain).

We cannot determine 80, the coupling to the
hydrostatic component of strain.

The above analysis also has significance even
if an off-axis distortion of the defect remains

We equate the alignment in Eq. (10) to a Boltz-
mann distribution

n, /n, = exp[- (E,—E,)/kT],
from which we determine (E, —E,), where E~ and

E, are given by (ll) for each defect orientation,
and T is the temperature of the equilibrium align-
ment (-200 K). For stress o {011}along the [011]
direction, Eqs. (11) and (12) lead to

under the conditions of stress. In that case, the
observed alignment represents an average over
the populations of the three off-axis distortions
for each Q~ (111)axis. As long as population
changes are in the linear regime versus strain
(i. e. , E& kT), this population average is fully
equivalent to averaging the lower symmetry 8
tensor over these three distortions, which leads
directly to the form of Eq. (12) for a trigonal cen-
ter. In any event, this is the best that can be
done with our data because no information is
available concerning the stress coupling to the off-
axis part of the distortion. Accordingly, we label
8 the average "trigonal" coupling coefficient in
Table II. The low degree of alignment observed,
Eq. (10), indicates that we should be in the linear
regime.

V. ANNEALING STUDIES

A. Thermally activated annealing

An isothermal anneal was performed at 300 'K.
In this study the sample was returned to 20. 4 K
after each annealing period, the spectrum was
regenerated with light, and the spectrum inten-
sity monitored. Within experimental accuracy,
the Si-G28 spectrum decay followed a simple
exponential versus time

f(t)=e '~' (15)

characteristic of first-order reaction kinetics.
The time constant v at 300 'K was measured to be
1700 sec.

In Fig. 9 we also show the results of isochronal
anneals for two different annealing time intervals.
(In these studies the 75-min annealing sequence
was performed first. The same sample was then
reirradiated and the 4-min annealing sequence
performed. ) Using Eq. (15}the time constant v

was estimated from the fractional recovery at
each isochronal anneal in Fig. 9. The results
are given in Fig. 10 along with the more accurate
value estimated from the isothermal study at
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8. Athermal migration

In Sec. IV B it has been demonstrated that the
defect can be made to reorient either by direct
optical excitation on via electron- and hole-cap-

300 'K. Also shown in the figure is the straight
line

g
~ = 6. 3 (10') exp(- 0.60 eV/k T),

which represents an approximate match of the
data to an activation energy of 0.6 eV.

The scatter of the points reveals the relative
inaccuracy of the isochronal annealing studies.
However, from Fig. 10 it is clear that the data
are roughly consistent with an activation energy
'of -0.6 eV.

In Sec. IVB, Fig. 8, the activation energy for
reorientation of the major axis of the defect (Q~)
was measured to be 0.60+0.05 eV. This sug-
gests the possibility that the same limiting mech-
anism is involved in both anneal and reorientation.
We note that if the model of Fig. 4(a) or Fig. 4(c)
is correct, reorientation also causes the boron
atom to move in the lattice. The activation ener-
gy for reorientation would also, therefore, be
that for migration. Anneal could in turn result
from diffusion of the boron to traps or sinks in
the material. The preexponentlal factor found ln
the anneal, Fig. 10, is a factor of 10 smaller
than that for reorientation, Fig. 8. This is fully
consistent with the model of long-range diffusion,
the factor of 10 representing -10 single jumps
before encountering a trap.

Other EPH spectra remain after the Si-628
anneal. Most have not been analyzed. None ap-
pear to display resolved boron hyperfine inter-
actions that would identify them as possible
candidates for the trapped boron interstitial.

ture processes resulting from bulk ionization in
the crystal. The fact that this process occurs
even at 4. 2 K suggests that the process is athex-
mal, i.e. , it does not require thermal activa-
tion to occur, the required energy being supplied
directly from the electronic excitation. If migra-
tion accompanies reorientation, then this means
that athez~ngl defect migration24 and annealing
might be produced at low temperatures by this
excitation.

To investigate this possibility the following
experiment was performed: A sample was first
irradiated with 1.. 5-MeV electrons at 20. 4 K to
produce the Si-028 spectrum. The sample was
then illuminated for prolonged periods at 20. 4 'K
with approximately 0.24 Vf of 1.06- p, m radiation
from a YAlo: Nd laser. Under this illumination
the time constant for reorientation was measured
directly to be -0.5 sec.

In Fig. 11 we plot the intensity of the Si-G26
spectrum versus accumulated time of 1.06- jU, m
illumination, measured in units of the reorienta-
tion time at that illumination level. After an
initial increase the intensity decays versus il-
lumination time but eventually levels off. Also
shown is the annealing curve predicted by the
ratio of preexponential factors determined from
the studies of thermally activated anneal and re-
orientation kinetics. This is the expected curve
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FIG. IO. Characteristic annealing time v vs tempera-
ture. The circled point is from an isothermal anneal.
The triangles (4 min) and squares (75 min) are calcu-
lated from the isochronal anneal studies of Fig. 9,
assuming first-order reaction kinetics.
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if the identical annealing process is occurring.
During the initial decay other annealing pro-

cesses are also observed to be occurring. Iso-
lated vacancies, monitored by the Si-G1 spec-
trum, decrease in intensity and the Si-G10 spec-
trum, identified as a vacancy trapped by substitu-
tional boron, emerges. This, in turn, decays.
This reveals the interesting result that vacancy
migration is definitely being induced by the light
as is the breakup of the boron-vacancy pairs.
This, however, also clouds the interpretation of
the initial Si-G28 decay which could be reflecting
simply mobile vacancy interstitial boron inter-
actions. In addition the leveling off of the Si-G28
intensity-versus-illumination dose represents a
clear departure from the predicted curve.

The results of Fig. 11 must be considered in-
conclusive. They do not provide direct evidence
for migration of the interstitial boron. On the
other hand, they cannot be interpreted to prove
that migration is not occurring. The simple pre-
dicted decay curve of Fig. 11 assumes the identi-
cal annealing process at 20. 4 'K and near 300 K
where the thermal annealing studies were per-
formed. The possibility of different charge states
for the traps and the diffusing boron interstitial
at the two temperatures, temperature depen-
dence of the capture cross sections, etc. , all
could destroy the equivalence.

VI. DISCUSSION

A. Electrical level structure

EPR is observed in the neutral charge state,
consistent with S = 2. The failure to see the reso-
nance in the absence of light for both g- and p-
type material reveals the presence of both a donor
and acceptor level associated with the defect. If
we interpret the loss of the Si-G28 resonance upon
warming to -50 'K in high resistivity p-type ma-
terial as resulting from thermal excitation of the
trapped electron from the donor state to the con-
duction band, its position can be estimated very
approximately to be -E,-0.15 eV.

B. Microscopic model

The anisotropy of the resonance reveals that
neutra, l interstitial boron is not in one of the nor-
mal symmetrical tetrahedral (T~) or hexagonal
(D~~) interstitial sites. Three possible models
have been presented in Fig. 4.

In the model of Fig. 4(a) the boron is nestled
between two normally bonded silicon atoms in a
bent Si-8-Si interstitialcy configuration. This is
similar to that established for interstitial oxygen
in silicon. In Table II we compare the activation
energy for reorientation from one (111)bond axis
to another determined in this paper for boron with
that previously measured for oxygen. Also in-
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eluded in the table is the stress coupling coef-
ficient 8, Eq. (12), determined for both. ~7

We have also included in the table the corre-
sponding quantities estimated~7 for a carbon-car-
bon pair recently identified by Brower in ir-
radiated silicon. Brower's results can be in-
terpreted to indicate that this center is a carbon-
interstitial-carbon-substitutional pair. As such,
it is presumably formed when a carbon intersti-
tial, initially produced by the same replacement
mechanism as that for interstitial aluminum and
boron, migrates and is trapped by a second sub-
stitutional carbon atom. It bears many formal
similarities to the interstitial boron spectrum
studied here, also revealing a "bent" (111)struc-
ture.

The activation energy for (111)bond axis re-
orientation in Table II reveals a substantial de-
crease as one goes from oxygen to carbon to bo-
ron. This can be interpreted as evidence that
the participation in the bonding, and the corre-
sponding disruption of the normal silicon-silicon
bonding, are progressively less as one moves to
the left in the periodic table from oxygen to
boron.

The strain coupling coefficient for both the oxy-
gen and the carbon pair defects is large and of a
sign consistent with the two substitutional atoms'
being pushed apart and compressing the surround-
ing lattice correspondingly. The boron coupling
is weak, however, and of the opposite sign. This
observation must be considered a strong argu-
ment against the model of Fig. 4(a). It is difficult
to see how the boron could nestle between the two
silicon atoms and not produce a net compressive
field along the defect axis.

The model of Fig. 4(c) is essentially that of a
boron interstitial in the normal hexagonal inter-
stitial site. In the neutral state, seen in EPR,
it distorts out of this position owing to the Jahn-
Teller effect. Here the negative charge density
revealed by the Q,

' axis results from a filled non-
bonding 2p orbital on the boron which is directed
into the open interstitial spaces to either side of
the hexagonal site. For this configuration the
coupling to external strain might be expected to be
weak. In fact, the observed sign of the coupling
coefficient could reflect the dominance of the
compressive stress against the six-membered
puckered silicon ring in the plane perpendicular
to the charge density Q,

' axis.
The model of Fig. 4(b) can be viewed as a dis-

tortion out of the tetrahedral interstitial site.
Here, however, the distortion is one driven by a
bonding force that remains for both B' and B . It
is difficult to judge whether such a configuration,
involving "back bonding" of a sort from Si(1),
would occur or not. Here the EHT calculations on

diamond probably provide no insight because the
silicon 3d unoccupied orbitals may well be impor-
tant. Similarly, it is difficult to estimate the ex-
pected strain coupling coefficients.

The models of Figs. 4(a) and 4(c) have one im-
portant feature in common. For both, reorienta-
tion of the major Qs axis causes the defect to
move in the lattice and is, therefore, equivalent
to migration. This is not necessarily true for the
model of Fig. 4(b). For it, reorientation could
be confined to the cage surrounding a given tetra-
hedral site and migration would not necessarily
occur.

The close correlation observed for the thermal-
ly activated reorientation kinetics and that for the
disappearance of the interstitial boron upon anneal
lends support to the idea that migration accom-
panies reorientation. However, the attempt to
demonstrate this directly by observing annealing
under photoexcitation at 20. 4 'K was not success-
ful. The question, therefore, of whether migra-
tion accompanies reorientation, and the corre-
sponding implications concerning the various
models, must be considered unresolved at this
time.

C. Relationship to other studies

A number'of experimental studies have been
reported in the literature that relate to the prop-
erties of interstitial bor'on in silicon: North and
Gibson have observed a large fraction of boron
in "nonsubstitutional" sites after boron implanta-
tion at room temperature. Using channeling
techniques and the ~'B(p, n) nuclear reaction,
they were able to deduce that the boron atoms
were not in the normal tetrahedral or hexagonal
interstitial sites. Rather, they appeared to be
located in line with the substitutional silicon
atoms along (110) directions but not midway be-
tween two substitutional sites. We note that the
model of Fig. 4(a) has many of these features.
However, their center was observed to be stable
to above 500 C.

Bean et al. ' have observed by infrared local-.
ized vibrational mode studies that room-tempera-
ture irradiation with 1.5-2.0-MeV electrons pro-
duces a decrease in substitutional boron and the
growth of two new boron configurations. For one
of these, labeled Q, two sharp localized vibra-
tional bands were observed whose amplitudes re-
flect the isotropic abundance of ' B and '~B. This
configuration was suggested to be isolated in-
terstitial boron. The substitutional boron re-
moval rate was high consistent with observed
carrier removal rates, and a corresponding cor-
relation with the growth of the Q bands was es-
tablished. The Q bands disappear upon annealing
at -250 'C.
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Both the "B(p, c.) channeling technique and the
infrared localized mode studies are highly spe-
cific to boron atoms, and their interpretation as
revealing displaced boron atoms of some kind is,
therefore, unambiguous. However, the high-
temperature stability of the defects seen in these
studies appears to be grossly inconsistent with
our observations for the Si-028 center, which is
unstable at 300 'K. Three possibilities must be
considered:

(i) The same defect configuration could be ob-
served with the different stabilities resulting
from differing charge states for the defect during
anneal in each experiment. The studies reported
in this paper were performed in p-type material,
and the interstitial boron is presumed to be in the
singly positive state during anneal. On the other
hand, the channeling and infrared studies were
performed on much more heavily damaged ma-
terial, and the Fermi level position and resulting
charge state for defects in these studies is not
known. Charge-state effects have been observed
in annealing studies of other defects in silicon
(vacancy, ' '- vacancy-phosphorus pair ). It is
difficult, therefore, to rule this possibility out
completely. However, the large activation energy
change implied by a shift in the annealing from
300 to 525 to 775 'K makes this explanation un-
likely.

(ii) The Si-628 spectrum could result from a
metastable configuration of the interstitial boron,
and annealing simply result from conversion to
a more stable isolated configuration which is the
one observed in the other studies. [This would

be consistent with the model of Fig. 4(b) where
the reorientation studies in Sec. IV represents
rattling around the interstitial cage and i.s in no

way related to migration of the defect. j A strong
argument against this interpretation is the anneal-
ing kinetics of Fig. 10. If annealing resulted from
this simple one-jump conversion, the preexponen-
tial factor would be expected to be -10~3, that of
a characteristic vibrational frequency for the bo-
ron atom. A. preexporiential factor of -107 is
more characteristic of long-range motion, the
atom making -10 single jumps before being
trapped.

(iii) The configurations observed in the infrared
and channeling studies are not isolated interstitial
boron at all, but interstitial boron in some kind of
trapped configuration. This is, of couse, the
most direct interpretation of the results, and is
probably the correct one. Still, the fact that the
infrared and channeling studies appear to reveal
a single dominant configuration is somewhat sur-
prising. Further experiments would be desirable
to resolve these questions.

Another interesting recent experiment that has

been interpreted in terms of boron interstitials is
that of Tan et al. 33 They observed a series of
sharp, well-resolved internal friction peaks in
boron-implanted silicon, two of which they postu-
lated were due to isolated interstitial boron in two
different charge states. From the orientational
dependence of the relaxation peaks, they deduced
that the defect had orthorhombic (100) symmetry
and postulated a (100) split-interstitial configura-
tion for the boron. These identifications are
clearly more speculative than the channeling and
infrared studies. However, they indicate the po-
tential power of this type of approach. Similar
experiments in the future with low-temperature
implants (where the Si-G28 spectrum is stable)
could be highly informative. The particular peaks
that these workers identified with interstitial bo-
ron annealed at -300 'C. They displayed re-
orientation activation energies of 0.29 and 0.40 eV
which seem to bear no relation to the 0.6 eV ob-
served here for positively charged interstitial
boron reorientation.

Interstitial boron has also been called upon as
a model to describe defects observed in electrical
studies of irradiated silicon. A donor level at
-E~+ 0.4 eV has been observed in photoconductivity
studies 4 and attributed by some ' to interstitial
boron. This defect is produced at room temperature
as well as at cryogenic temperatures down to 4. 2 K
and, from stress dichroism studies, was determined
to have (111)Cs„symmetry. 36'8 It is stable to
-250 'C. In these experiments the Fermi level
and charge state for interstitial boron should be
similar to that in the studies reported in this
paper. Therefore, we conclude that the identifica-
tion of this photoconductivity level with isolated
boron interstitials was not correct.

Several studies have shown an annealing re-
covery i.n the electrical properties of irradiated
boron-doped p-type silicon at -300-400 'K. '
The kinetics for recovery in this region have
variously been measured to have an activation
energy from 0.4 to' 0.7 to 1.1 eV. - It is likely
that some or all of this annealing is to be as-
sociated with the instability of the isolated in-
terstitial boron studied in this paper. However,
in view of the scatter of these limited experimental
results, a conclusive identification is not pos-
sible. (It is interesting to note that quenching
studies in boron-doped silicon also produce de-
fects that anneal at room temperature. 44'4' The
annealing has been interpreted to indicate44 0.3
and 0.8 eV for the activation energy of re-
covery. )

VII. SUMMARY

Isolated interstitial boron has been observed in
its neutral charge state by EPR. It is produced
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by 1.5-MeV electron irradiation at &20. 4 K pre-
sumably when a mobile silicon interstitial atom
produced in the primary damage event is trapped
by substitutional boron. It appears to have three
stable charge states (+ I, 0, —I), serving as a
donor in p-type material and acceptor in n type.

The Si-628 spectrum reveals that the neutral
boron atom is in neither the symmetrical tetra-
hedral (T~) nor hexagonal (Da~) interstitial site
but is in a low-symmetry (C») configuration.
Several models have been suggested. For one,
the boron is in an interstitialcy (ill) Si-B-Si
bonded configuration for both the positive and
neutral charge state. An alternate model is a
(ill) Si-Si-B interstitialcy. In a third model the
positively charged boron interstitial is in the
hexagonal (D„) interstitial site, but distorts out
of this site due to a Jahn- Teller distortion when
it traps an electron to become 8 . The small
coupling observed to uniaxial stress favors the
third model.

The defect is unstable at room temperature,
annealing over a period of -30 min at 300 'K. The

kinetics indicate an activation energy of -0.6 eV
and a preexponential factor consistent with long-
range migration of a defect. An activation energy
of 0.6 eV has also been found for thermally acti-
vated reorientation of the major (ill) axis of the
defect in a study at lower temperatures. This
suggests that migration may accompany reorienta-
tion of the defect, a consequence of the first and
third models.

Illumination with near-band-gap light at 4.2 or
20. 4 K can also induce this reorientation, as
evidenced by alignment produced with polarized
light. This suggests that athexmaf migration may
be induced at these low temperatures by light. An
attempt to demonstrate this by producing annealing
at 20. 4 'K with 1.06-JLt, m light from a YAlG:Nd
laser was not conclusive.
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