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Defects in Irradiated Silicon: Electron Paramagnetic Resonance and
Electron-Nuclear Double Resonance of the Arsenic- and

Antimony-Vacancy Pairs
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(Received 19 April 1968)

Two EPR spectra are observed in irradiated silicon (designated Si-G23 and Si-G24) which are identified
with the neutral charge states of a lattice vacancy adjacent to a substitutional arsenic or antimony atom,
respectively. EPR and ENDOR studies reveal a high degree of similarity between these defects and the
phosphorus-vacancy pair (Si-GS) studied previously. Nuclear quadrupole interactions for the As and Sb
atoms give additional information about the defect configuration, not available for the phosphorus-vacancy
pair. For all three defects, a large static Jahn-Teller distortion occurs. Analysis of the response of the defects
to externally applied stress allows an estimate of =1 eV for the magnitude of the Jahn-Teller stabilization
energy. It is concluded that this energy is larger than the electron-electron interaction energies and com-
parable to (or greater than) the crystal-field energies for the electrons involved in the core of the defects.
Studies of the group-V atom-vacancy reorientation kinetics reveal variations between the three defects
that can be correlated with the elastic interactions between the oversize arsenic or antimony atoms and the
tensile strain around the lattice vacancy. Comparison of the results with the annealing studies of electrical
properties by Hirata et al. indicate that the annealing of each defect involves the migration of the pair as
an entity through the lattice.

I. INTRODUCTION level determined for the phosphorus-vacancy pair, were
suggested by them to be associated with donor-vacancy
complexes in these materials. The assignment as group-
V atom-vacancy pairs has also been made for levels at

(0.4 eV) fou—nd in P-, As-, Sb-, and Bi-doped,
y-irradiated silicon by Hirata et at.

In this paper, KPR spectra of electron-irradiated
silicon containing either As or Sb are presented and are
shown to be amenable to analysis in terms of defect
models analogous to the phosphorus-vacancy pair. The
evidence leading to this identification will be presented,
and various experimental tests of the model will be
described.

Although the Sb- and As-vacancy pair spectra do
show a high degree of formal siinilarity to the P-vacancy
pair spectrum, they also possess distinctive features not
found in the latter. The observation of first-order for-
bidden Am+0 transitions necessitates an extension of
the spin Hamiltonian to include second- (and higher-)
order effects arising from nuclear quadrupolar interac-
tions. (The P-vacancy pair exhibits no quadrupolar in-
teraction since I= s for its 100% abundant P" atomic
species. ) This is seen to be especially true in the case of
the As center, in which the presence of normally for-
bidden transitions of intensities comparable to the al-
lowed transitions introduces a degree of complexity
su%.cient to preclude our having made a complete
analysis of the EPR spectrum.

A more sensitive measurement of the quadrupolar
interaction is obtained through ENDOR studies in
which such interactions are observed as first-order
eBects. The ENDOR spectra to be described corrobo-
rate the importance of the quadrupolar interactions de-
tected in the EPR spectra, as well as lend support to

HE mobility at temperatures well below room tem-
perature exhibited by lattice vacancies in silicon

has been established in previous papers in this series. ' '
Paramagnetic defect centers resulting from the trapping
of these vacancies by impurities can assume the con-
figuration of impurity-vacancy pairs, examples of which
are the oxygen-vacancy pair'' (A center, giving the
Si-81 EPR resonance), the aluminum-vacancy pair'
(giving the Si-G9 resonance), and the phosphorus-
vacancy pair' (E center, giving the Si-G8 resonance).
The divacancy' has been observed in p type (Si-G6 spec-
trum) as well as in rt-type (Si-G7 spectrum) samples.

The present paper represents a natural extension of
the previous work to include defect centers produced by
room-temperature electron irradiation of Qoating-zone
silicon samples doped with group-V shallow donor im-
purities beyond phosphorus, namely, arsenic (Z= 33)
and antimony (Z=51). The existence of a net acceptor
level at E, (0.43 eV) in antimo—ny-doped, p-irradiated
silicon has been established by Sonder and Templeton. '
Kith less assurance, they also determine a level at
E, (0.46 eV) in similarly—treated arsenic-doped sam-
ples. These levels, in analogy with an E, (0.47 eV)—
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the model of the defect by providing unambiguous
identification of the relevant impurity atoms and in-
formation as to the relative sites they occupy in the
defect centers.

II. EXPERIMENTAL PROCEDURE

Experimental techniques relevant to these studies
have, for the most part, been described in previous
publications. ' ' The silicon samples' were Qoating-zone,
n type (either arsenic or antimony =10"—10"/cm') and
were irradiated at room temperature by 1.5-MeV elec-
trons from a resonant transformer accelerator.

EPR studies were done at =20 kmc/sec and primarily
at 20.4'K, most of the measurements being made in
dispersion. ENDOR studies were made at 4.2'K using
techniques described in I.

III. GENERAL RESULTS AND DISCUSSIONS

A. Summary of Previous Work on
Phosyhorus-Vacancy Pair

Previous studies (I) have revealed that the phos-
phorus-vacancy pair is the dominant observable defect
produced by 1.5-MeV electron irradiation in phos-
phorus-doped vacuum Boating-zone silicon. Its forma-
tion results from the trapping of a mobile lattice vacancy
next to a substitutional phosphorus impurity atom, and
it is observed in the resonance only in its neutral charge
state after the Fermi level has been reduced to &E,—(0.4 eV) by the room-temperature irradiation. The
model of the defect is depicted in Fig. 1 (suitably gen-
eralized to allow eventual inclusion of the antimony-
and arsenic-vacancy pairs). Of the three silicon atoms
surrounding the vacancy, two can be considered as
pulling together to form an electron pair bond, while an
unpaired electron primarily in the orbital of the remain-
ing silicon atom gives rise to the observed resonance.
This distortion can be viewed as a manifestation of the
Jahn-Teller effect.

The salient features of the EPR and ENDOR spec-
tra from which the above model was deduced include

/////'//'/////'//////
E

C

0.4eV

a strong hyperfine interaction with a single silicon atom,
as well as a weaker hyperfine interaction with the phos-
phorus. A linear combination of atomic orbitals (LCAO)
construction of the unpaired electron wave function re-
vealed that 60% of the latter is localized in the dan-
gling orbital on the single silicon atom while 1% is
localized on the phosphorus. The g-tensor has near-axial
symmetry with its axis close to the Si ' hf axis rejecting
the axis of the major portion of the wave function.

In addition to satisfactorily accounting for the above
features of the EPR and ENDOR spectra, the model
was tested by applying uniaxial stress to the sample at
selected temperatures, and also by observing motional
broadening and narrowing of the spectrum over a se-
lected temperature range. A, detailed account of the
spectral alterations expected from these procedures will
be deferred until these tests are described for the anti-
mony- and arsenic-vacancy pairs (Sec. IV A); suffice it
to say now, however, that the ability to account for the
observed changes in the spectrum in terms of the model
provided strong additional confirmation of its validity.
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FIG. 2. Antimony-vacancy I&air spectrum (SiG-24) at
20.103 kMc/sec with Ht i100l and T= 20.4'K.

B. Antimony-Vacancy Pair

1. Antimony Vacancy-Pair EPR Spectrum (Si GZ4)-

A recording of the spectrum (Si-G24) which we iden-
tify as arising from the antimony-vacancy pair" is
shown in Fig. 2 for

H (100).The angular dependence of
the outermost groups of lines is shown in Fig. 4(a). The
complete spectrum can be analyzed as arising from a
single anisotropic defect species, but distributed among
the various equivalent orientations within the lattice,
and described by

Si hf AXIS

//////////////// E y

with S=-,'. Well-resolved hyperfine interactions with
the nuclei of two distinct atoms near the defect are ob-
served. One is with a single antimony atom as is evi-
denced by resolved hyperfine splittings with Sb"'
(57.25% abundant, I= 2) and Sb"' (42.75% abundant,

FIG. 1. Model and electrical level position for the
group-V atom-vacancy pairs.

'Procured from Semiconductor Products Department, General
Electric Co., Syracuse, N. Y.

~ Like the phosphorus-vacancy pair, this resonance is not ob-
served in the initial stages of irradiation but emerges only at high
doses after the antimony shallow donor resonance, originally pres-
ent, has disappeared. This is consistent with a similar electrical
level structure for both centers as shown in Fig. 1.
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I= ,') -nulcei. In Fig. 2, for instance, the two sets of six
lines labeled u, and b, (2=1 to 6) are each identified
with the (2I+1) hyperfine multiplets of Sb"' while the
other sets of eight (a,' and b,') are identified with those
of Sb"'. The amplitudes and splittings reRect, within
the accuracy of measurement, the relative magnetic
moments" and abundances of the two isotopes.

A.t higher gain, pairs of satellites symmetrically dis-
posed on either side of each multiplet in the spectrum
can also be observed. The intensity per pair is only 5/q
of its respective central component and the satellites
can therefore only be easily studied at the spectral ex-
tremeties, as shown in Fig. 3. These are interpreted as
arising from hyperfine interaction with the Si" (I= —,)
nucleus of a single neighboring silicon atom, their am-
plitudes reflecting the isotopic abundance of Si" (4.7%%uo).

From Eq. (1), the energy levels to first order in

Q, '/!MA; (f2,/I, )H—!, and to second order in A,/gPH,

Nb

6775
a! .~~

68OO'~
b

~ 6825
~ 6850

o 6875
w c'

7475

757

2.020

2.015

2.0 I 0
9

2.005

2.000

ba, ca bc, cb .
942

I.995
9I

[IOO] ( b) [III] [oII]

! I I I I I i I I I

0 10 20 30 40 50' 60 70 80 90
0' (DEGREES)

Fio. 4. (a) Angular dependence of the low- and high-field Sbi2'
hyperfine groups of the SiG-24 spectrum with H in the (011)
plane (see Fig. 5). The microwave frequency was 20.103 kMc/sec;
(b) corresponding g values.
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are given by
E=gPH+Q Ey, j&(M, jti,),

'

(2)

where

j(M 222, ) ti2.(g LMA . (+./I. )H]222, 2)1/2

32ri ' I,(Ij+1)—
+ &Z(, )+((A ) /2gPH)

2

Here

)( (MLI, (Ij+1)—222 ']—rri, LS(S+1)—M']) (3)

g2 —Q g,2N 2

A42=+ Aj 222, ',
(4)

~'Ignoring the small hyper6ne anomaly $J. Eisinger and G.
Feher, Phys. Rev. 109, 1172 (1958)], which is of the same order
(~3%) as the accuracy of measurement.

Fzo. 3. Part of the SiG-24 spectrum, under higher gain conditions
than Fig. 2, showing Si" hyperfine satellites.

where m, and e, are the direction cosines of the mag-
netic field H with respect to the g and A; tensor principal
axes, respectively. The q, ~ are the direction cosines of
the effective magnetic Geld seen by the nucleus

H;= L(MI;/jijH)Aj —1] H,

with respect to the principal axes of the Q, ' tensor. In
deriving Eq. (3), the small anisotropy in g has been
ignored as has the anisotropy in A, for the second-order
hyperGne terms.

With ji;H/I, &&A;, Eqs. (2) and (3) give for the nor-
mally allowed AM = ~1, hns; = 0 EPR transitions, with

1
2)

gpH h.o p(A, m,—+ ((A—,)'/2g pH)

X $I, (I,+1)—2ri ']) (6)

which is suKciently accurate for the EPR analysis.
Using Eq. (6), the g values were determined from the

angular dependence of the spectrum and are shown in
Fig. 4(b). The principal values and axes of g, A(Sb"'),
and A(Si") determined from the analysis are given in
Table I (with the relevant axes indicated in Fig. 5)
for one of the 24 equivalent defect orientations in the
lattice "

In Fig. 2, in addition to the multiplets labeled a, b, a,
and b', many additional weaker lines can be seen. Most
of these can be accounted for as Am;&0 "forbidden"

"The values indicated for A(Sb"') in the table are actually
those determined by ENDOR measurements to be described in
Sec. III 82. They are fully consistent with the less accurate
[+1.0(10 4)cm '] values determined by the EPR analysis alone.
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TABLE I. Spin Hamiltonian parameters for the group-V atom-vacancy pair spectra. (The relevant axes are indicated in Fig. 5.)

Spectrum

Si-G8

Si-G23

Si-G24

Model

(P31. P')0

(Asz5. V)o

(8h121. y)0

g (+0.0003)

gI =2.0005
g2

——2.0112
g3 ——2.0096
8=32.3+1.0'

g1 = 1.9991
g2 =2.0117
g3 =2.0081
0=38.0a1.0

gI = 1.9958
g2

——2.0163
g3 ——2.0058
e= 53.6a0.3'

A (impurity)
(10 4ctn ')

A, = (+) 10.58~0.01
A 2 = (+) 8.73~0.01
A 3 ——(+) 8.64+0.01

8= 163.5+0.5'

(+) 16.0 a0.1
at

0= 144.7'

A = (+)144.49a0.05
A 2

——(+)131.93~0.02
A g

= (+)124.49~0.02
133.2 +0.4'

Q'(impurity)
(10 4cm ')

Qy'= (—) 4.7+0.1

8= 142.7~2.0'
Qg'= (+)2.927+0.002
Q2' ——(—) 1.031+0.002
Qa' ——(—) 1.877+0.002

8= 136.2&0.6'

A(Si»)
(10 4cm ')

A I = 150.0&0.5
A, = 98.5+O.S
A3= 98.5+0.5

e= 35.3+0.5'
A1= 149.7+1.0
A 2 ——98.9+1.0
A 3

——98.9+1.0
e= 35.3+0.5'

A I = 147.9+1.0
A 2

——99.2+1.0
A3= 99.2+1.0

0= 35.3+0.5

transitions made partially allowed by the quadrupole
interaction. In these, the terms in Q,

' and ti;H;/I; appear
in 6rst order and detailed analysis of these transitions
would allow the determination of the quantities directly
from the KPR studies. However, these are determined
more simply and with higher accuracy by ENDOR
studies to be described in Sec. III BZ. We have therefore
not attempted to analyze these lines in detail other than
to check the position of a few of the prominent ones in
order to establish their origin.

It will simplify the presentation to follow if we give
labels to the di8erent defect orientations and their cor-
responding spectra. Following I, we label the four (111)
axes of Fig. 5 by the letters a, b, c, and d. We can then
designate a particular defect orientation by two letters,
the first denoting the (111) axis closest to the Ai axis
for the group-V atom (Sb), and the second denoting the
(111)direction for the silicon hyperfine axis. In terms
of the model (Fig. 1), the first letter corresponds to the
(111)axis directed from the vacancy to the neighboring
group-V impurity and the second letter corresponds to
the (111)axis directed from the vacancy to the silicon

X—[100

[01

e —[olo]

[0 I I ]

neighbor that possesses the unpaired electron. The par-
ticular set of principal axes in Fig. 5 can be seen to cor-
respond to those appropriate for the model of Fig. 1,
and the defect orientation for both is cb. These labels
have been used to denote the corresponding g values in
»g 4(b).

Z. Antimony Vacan-cy Pair Ett'tDOR Spectra

ENDOR studies were made only on the strong Sb"'
hyperfine multiplets (not the Si" satellites) and there-
fore only the hyperfine terms of Eq. (1) for one nuclear
species are required. To first order in Q'/~ iVA —(IJ/I)H

~

and A/gPH, the Am=&1 ENDOR transitions are,
from Eq. (3),

kv(m ~ m —1)— (Q LMA —(tr/I)H j'n ')'"
iivi-

+s (2m —1)(2 QAP) (7)

In ignoring higher-order terms, Eq. (7) does not al-
low a very accurate determination of the principal
values of A and Q'. lt does, however, describe the gen-
eral angular dependence of the spectrum and serves to
locate the principal axes of A and Q' (from the extrema
of the sums and differences of the M =+s and M= ——',

transitions, respectively).
ENDOR spectra for the ud and da lines associated

with the highest and lowest Sb"' multiplets are shown
in Fig. 6. Analysis of this data plus similar measure-
ments on the bc, cb lines gives the principal axes" in-
dicated in Table I and Fig. 5.

A general solution for ENDOR transitions to higher
order (arbitrary magnetic 6eld orientation) would be
very complex because of the anisotropy of A and Q'
and their different principal axes. However, we note that

Fro. 5. Principal axes for one of the 24 defect orientations in the
lattice of the spectra listed in Table I. The defect model in Fig. 1
is viewed from the same aspect. With the magnetic 6eld 8 in the
(011) plane as shown, this set of axes gives rise to the g values
labeled cb in Fig. 4.

'3 The extreme quadrupole splittings occur when an axis of Q'
is parallel to the effective magnetic 6eld seen by the nucleus, given
by Eq. (5). With the known anisotropy in A, the externally mea-
sured difference of 3.5 between Q1' and A1 is seen to represent a
true deviation of 3.0' at the defect site.
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for this defect the A and Q' axes are within three common tobotitAand Q', thesolutionisstraightforward
degrees of each other. In the particular case of the and gives, for the energy levels to third order in A/gPH,
magnetic field H oriented along a principal axis (n) Q'/lMA (—ti/I)Hl, '

E(M,m) = g PHM+A, Mm+ ,'Q, '[-3m' I(I—+1)5 (ti/—I)Hm
+[(Ap'+A ~')/4gPH]M [I(I+1) m'g —(A p—A v/2gPH)m[S (S+1) M']-
+[(Aps+Ass)A~/4(gPH)s jmM[Ms+ms+1 S(S—+1) I(I—+1)]+[A~ApAv/2(gPH)s j
X[2msS(S+1)+2M'I(I+1)—3M'm' —I(I+1)S(S+1)j+{(Qp' —Q ')'/8[MA ~—(ti/I)H j}
X [2I(I+1)—2m' —17m+ —,',Q '{(Qp' —Q~')/[MA —(tt/I) Hg}'

X{5m4+m'[7 —6I(I+1))—2I(I+1)+ [I(I+1)7'}. (8)

The allowed 3M=0, Dm= &1 ENDOR transitions are therefore given by

hv(M)m'&m m —1)= lA M —(tt/I)H+{ssQ '—[(Ap'+A, ')/4hvp)M}(2m —1)
—(A pAr/2h») [S(S+1)—M']+ {(Q p' —Qv')'/8[MA a—(tt/I)H j}[2I(I+1)—3—6m(m —1)j
+[(A p'+A ')A ~/4It'vs'jM[M' —I(I+1)—S(S+1)+3m'—3m+2 —(2m —1)m' j+ (A.A pA, /2h'v ')
X{[2S(S+1)—3M'j(2m —1)—[S(S+1)—M'jm'}+ ssQ '{(Qp' —Qv')/[MA „—(tt/I)H)}'

X {10m'—15m'+m[17 —6I(I+1)j+3I(I+1)—6}l, (9)
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FIG. 6. Angular dependence of the Sb"' ENDOR frequencies
with H in the (011) plane. Shown are the transitions for the ad
and du EPR lines associated with the highest and lowest Sb'2'
multiplet groups as shown in Fig. 4.

where m' defines the hyperfine multiplet (m or m —1)
being observed in the KPR.

Equations (8) and (9) are directly applicable when

the magnetic field is along As and Qs'. We have also

used them for the analysis along the other principal axes
of Q', the small departure from the corresponding A

axes, combined with the small anisotropy in A, assuring
small error. The results are given in Table I. In the
analysis, the relative signs of Q

' and A can be deter-
mined using the known positive sign of p, . The signs
indicated in the table are for an assumed positive value
of the A . In the analysis, ti/I can be determined di-

rectly. The results along the principal axes directions

for Q' are
I»l = (3.334~0.015)»,
l tts l

= (3.385&0.015)tits,

It, I
= (3.354~0.015)».

These values compare favorably with the value for Sb' '
(+3.3415) determined by NMR. "The small deviation

( +1%)for the value along the 2 axis is probably real.
Chemical shifts of this order of magnitude are not un-
reasonable for such a heavy atom, the anisotropy reflect-
ing the anisotropic nature of its bonds to its neighbors.

C. Arsenic-Vacancy Pair

l. Arsenic Vacancy Pai-r EPR Spectrum (SiG 23)-
Recordings of the arsenic-vacancy pair EPR spec-

trum' are shown in Fig. 7 for Hll(100) and (111).The
spectrum is very complex and only well resolved with
H along the low-index crystallographic directions such
as these and, the (110).As the magnetic field is rotated
away from these directions, the lines split and merge
together and change intensity, making a detailed angu-
lar-dependence study extremely dificult. Since As~~ is
a 100% abundant isotope with I=-,', we might have
expected a relatively simple spectrum made up of
easily identiiable four-line Am= 0 hyper6ne multiplets
throughout. Instead, many additional lines appear to
be present. In fact, it is only for Hll(111) that a set of
four equally spaced hyperfine lines is apparent [labelled
C in Fig. 7(b)j. The additional lines result from the
normally forbidden Am&0 transitions made allowed by

'4 Not included is a term in A'Q', which is small in our case."H. Kopeferman, Ngcteor Momertts (Academic Press Inc. , New
York, 1958), p. 452.

'6 This resonance is also observed only at high doses after the
arsenic shallow donor resonance has disappeared, consistent with
an electrical level structure as shown in Fig. 1 (see Ref. 10).
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Fin. 7. Arsenic-vacancy spectrum (Si-G23) at 20.116kMc /sec and
T =20.4'K —(a) H[[(100); (b) H[((111).

a strong nuclear quadrupole interaction which competes
with the applied magnetic field as the axis of quantiza-
tion. The absence of the transitions for one of the defect
orientations when H~~(111) indicates that the principal
axis of Q' lies close to a (111)axis. The intensity of the
forbidden lines at other orientations indicates that
IQ'~ ~A I. ENDOR studies to be described shortly
will make these conclusions more quantitative.

Although it has not been possible to unravel the de-
tailed angular dependence of the spectrum, it has been
possible to specify the defect orientations associated
with each of the prominent lines for H along (100),
(111),and (110).This identification arises from stress-
and temperature-dependent studies to be described in
Sec. IV. The number of nonequivalent defect orienta-
tions for each magnetic field direction is found in this
manner to be identical with that for the antimony-
vacancy pair establishing the similar symmetry proper-
ties for both centers (e.g. , the common gs, As, Qs' axis
is along a (110) axis). For instance, in Fig. 7 we have
labelled the lines which are to be identified with the two
distinguishable sets for H~ (100) (a and fi) and the three
distinguishable sets for H~~(111) (A, 8, and C), in
analogy to the corresponding sets for the antimony-
vacancy pair.

This identification further allows us to extract the
principal values and axes of the g tensor, using the fact
that (except for terms of order A'/AH) the center of
gravity of the transition is unaltered by the relative
magnitudes of A, Q', and (tr/I)H. " In the absence of
the (tr/I)H term, this analysis would be simple because

~~ The competition between these terms scrambles the nuclear
states for each electronic 3f state but does no& change their mean
energy.

it is easy to demonstrate that the spectrum for each
defect orientation would then be symmetrical around its
center of gravity. The presence of this term destroys
this symmetry, introducing some uncertainty into the
determination of the center of gravity. However, with
care and with some insight into the identification of the
particular transition involved for each multiplet, this
uncertainty can be minimized. "The g values were esti-
mated in this way for the C lines with H~~(111), for the
a and b lines with H~~(100), and for the two most distinct
sets for H~~ (110) I

those corresponding to the ad, da, and
the db, dc, ab, ac orientations as shown in Fig. 4(b)j.

The four parameters g~, g2, g3, and 0 given in Table
I were determined from a best fit to these five indepen-
dent values. The value of A (t)= 144.7') determined from
the splitting of the C lines in Fig. 7(b) is 16.1&0.5
(10 '), consistent with the more accurate value given
in the table from ENDOR studies. This corresponds in
the model to the value of A along the arsenic-vacancy
direction.

Si"hyperfine satellites are also observed for this spec-
trum and again in intensity corresponding to interaction
with a single silicon atom site. LSome of the satellites
can be seen in Fig. 7(b)j.Again by stress- and tempera-
ture-dependent studies they can be correlated with the
appropriate defect orientation. Analysis of the splittings
with H along the (100), (110),and (111)directions gives
the parameters given in Table I.

Z. Arsenic Vacancy Pai-r EIUDOR Spectrum

The ENDOR spectrum, with all of the
~
Dm~ = 1, 2, 3

nuclear transitions for each of the overlapping EPR
transitions, is very complex and has not been studied in
detail. It has been possible, however, to extract some
information about the quadrupole interaction by limited
studies on the four C lines of Fig. 7 with H close to the
(111) axis. Angular dependence studies show that the
extremum ENDOR frequencies occur when H is
2.0&0.7' from the (111) toward the (100) axis. This
occurs when the Qi' axis is parallel to the effective mag-
netic field direction seen by the nucleus, Eq. (5). The
EPR result that the Qi' axis is close to the (111)is thus
confirmed.

In order to locate the Qi' axis with respect to the
crystal axes, it is necessary to take account of the anisot-

ropy of the A (see Ref. 13).Since the principal axes and
values of A have not been determined, it is not possible
to do this accurately. However, making the reasonable
assumption that the fractional anisotropy is comparable
to that found for the Sb- and P-vacancy pairs, and that
the principal axis of A is close to the (111)a,s was also

' For instance, no error is involved for the lines labelled C in
Fig. 7(b), because with the principal Q' axis close to the (111)
axis and magnetic field direction, the transitions are the normal
67n=0 allowed transitions. Similarly, because the Q' axis is close
to a (111),the first-order quadrupole interaction will be small for
H~~(100), allowing the identification of the outermost u and b

multiplets of Fig. 7(a) as the transitions for bus=0, again with
small error.
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found for them, the deviation of the effective field di-
rection seen by the nucleus from that of the external
field is estimated to be & 2'. In Table I, we have there-
fore taken the Qr' axis to be that determined directly
from the ENDOR angular-dependence studies and have
indicated an estimated error large enough to accom-
modate the possible error arising from the A anisotropy.

Most of the Am= &1, &2, &3 nuclear transitions
were observed for each of the four C lines. These spec-
tra, analyzed assuming axial symmetry" for Q'(Qs' ——Qs'
= —sQr') permitted the determinationof the parameters
Qr' and A (()= 144.7') (the value of A along the arsenic-
vacancy direction) given in Table I. Also determined in
the analysis was the value for

~
j4~ of (1.43&0.2)j4s, in

good agreement with the value (+1.4349) determined
for As~' from NMR studies. "Using the known sign for
jr, the relative signs of A and Qr' were determined .The
values shown in the table are for an assumed positive
value for A.

We note that the quadrupolar interaction is indeed of
the order of the magnetic hyperfine interaction,

~

Qt'/A
~

0.3. This is to be compared with the corresponding
ratio for the antimony-vacancy pair of 0.02.

(A)()j=aj+2bj,

(A.) =a~—».
(12)

(13)

The Fermi contact interaction gives rise to the isotropic
term

a = (16~/3)(u /I )P~j'nj'Ilf-(0) I
j' (14)

where p j is the magnetic moment, and Ij is the spin of
the jth nucleus. The anisotropic term results from the
dipole-dipole interaction averaged over the electronic
wave function and is given by

At each atom site j, f; is approximated as a hybrid
nsnp orbital

j=O'j ns j j ny jp (11)

where m=3 for Si and P, m=4 for A,s, and n=5 for Sb.
For the four nearest-neighbor sites to the vacancy, the
p function is taken as directed along the (111)direction
from the site to the vacancy center. In the approxima-
tion that the hyperfine interaction at the jth nuclear
site is determined solely by lf j, the axially symmetric
form assumed by the interaction parallel and perpen-
dicular to the p-orbital axis is expressed by

Z. Magnetic Byperfine Interactions

Following the format given in previous publica-
tions" ' ' a linear combination of atomic orbitals cen-
tered on atoms near the defect may be used to construct
the wave function for the unpaired electron

+Donor Vse g j 'gjtf'jq (10)
in which the subscript Donor Vac denotes a phos-
phorus-, arsenic-, or antimony-vacancy pair.

» Equation (3) can be used directly in the case of axial sym-
metry and with the Q&' axis parallel to the effective magnetic Geld
direction at the nucleus PEq. (5)], independent of the relative
sizes of Q1' and A. A slightly better 6t to the data can be made
with ~Q4' —Q4'~ 0.1~Q&'~, using Eq. (g). The values deduced for
Q&' and A ((111)),however, are essentially the same as those given
in the table (within the stated error) and the equations for this
analysis are therefore not included in the text."H. Kopferman (Ref. 15), p. 451.

D. Discussion

I. Relevance of Group VAtom Vacan-cy -Pair Model

It is clear from Table I that there is a strong formal
similarity between the three spectra: (a) the strong
axially symmetric (111) Si" hyp'erfine interactions re-
Recting the locahzation of the electronic wave function
primarily in a single dangling bond next to a vacancy;
(b) the g tensors also reflecting approximately this axis;
(c) the magnetic and electric quadrupole interactions
with the group-V atoms reflecting the symmetry of one
of the other three atom sites neighboring the vacancy.
The principal axes of all of these interactions are con-
sistent with the model of Fig. 1.

In the next sections we will therefore analyze the
spin-Hamiltonian parameters for each defect in terms
of the model of Fig. 1.

For arsenic and antimony, values of (r„„')were ob-
tained from the experimental optical fine-structure con-
stants of Barnes and Smith, " suitably corrected for
relativistic effects."Values for

~
f„,(0)J js were obtained

by scaling the above values of (r„„');by the ratio
~
lf „,(0) ~

js/(r „'), calculated from the tabulated Har-
tree-Fock-Slater wave functions of Herman and
Skillman. "

This procedure has been described in detail in I, where
the corresponding values of Si" and P" were estimated.
The results are'4

arsenic:

antimony:

~lf4, (0) ~'=93.9(10'4 cm '),
(r4~ ')=49.4(10'4 cm ');

~lf s, (0) ~'=148.1(10'4 cm-'),

(rs„')=82.3(10'4 cm ').

2' R. G. Barnes and W. V. Smith, Phys. Rev. 93, 95 (1954).
2' H. Kopferman (RRe. 15), pp. 128 and 446."F. Herman and S. Skillman, Atomic Structure Calculations

(Prentice-Hall, fnc. , Englewood Cliffs, N. J., 1963), Chap. 6.
~4 The wave functions of Herman and Skillman are presumably

less accurate than those of R. E. W'atson and A. J.Freeman, Phys.
Rev. 123, 521 (1961),from which our previous estimates for the 3p
atoms were obtained. As a check, the P values were also estimated
from the Herman and Skillman wave functions. Although the
values of ~$4, (0) ~' and (r4~ ') were 30%%uo higher than those from
the Watson and Freeman wave functions, their ratio was ap-
proximately the same, giving a 6nal estimate for (rP4, (0) ( within
5% for the two sets of wave functions.

Shown in Table II are the results of analysis for oj2,

pp, and 41jr for each of the atom sites of the antimony
and arsenic centers, obtained by using Eqs. (10)—(15)
in conjunction with the hyperhne constant values given
in Table I. The results for the phosphorus-vacancy cen-
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Defect
center

Atom a; b,
site (10 4cm i) (10 4cm i) as p .2 ~ .2

P vacancy Si 1

Si 2

Si 3
P

As vacancy Si 1
Si 2
Si 3
As

Sb vacancy Si 1
Si 2

Si 3
Sb

(—)115.7
(—) 124
(—) 12.4
(+) 9.32

(—)115.8

~ ~ ~

(+) (14 4)

(—)115.5
(—) 46
(—) 46
(+)400.6

(—)17.2 0.14
~ (0.30)

(0.30)
(+) 0.63 0.29

(—)16.9 0.14

~ ~ ~

(+) (0 8)

(—) 16.2

~ ~ ~

(+)16.3

~ ~ ~

(0.32)

0.15
(0.30)
(0.30)
0.39

0.86 0.59
(0.70) 0.03
(0.70) 0.03
0.71 0.01
0.86 0.59

~ ~ ~

(0.68)

0.85
(0.70)
(0.70)
0.61

~ ~ ~

(0.01)
0.57
0.01
0.01
0.04

ter (I) are also included for comparison. The signs in-
dicated for a; and b; reflect that of p;, as expected from
Eqs. (14) and (15). They are enclosed within paren-
theses to indicate that no experimental veri6cation was
possible, since only ( A, &

~

and
~
A, (

could be determined.
In the analysis, the departures from axial symmetry of
the group-V hyperfine interactions were ignored. An
average value of (Asb)s and (Asb)s was used for (A,)sb.
In order to make a rough estimate for the arsenic-
vacancy pair for comparison, A &»» was taken as A J J

and (A, )&, was estimated by assuming that the ratio
(A,)((A») for arsenic is intermediate between that of
phosphorus and antimony. The average of these two
ratios was taken as its value.

Estimates of a, for the Si 2 and Si 3 sites of the Sb
center were obtained from an experiment to be described
in a later section. Values of o.'=0.30, P'=0.70 were as-
sumed in order to calculate g' for these sites, b, not being
experimentally determined. These values for n,' and

P,' were chosen so as to coincide with those determined
for a similar con6guration in the Si-A center. Estimates
of neither a, nor b; were available for the arsenic center
Si 2 and Si 3 sites.

It is seen from Table II that, for each of the centers,
the relative percentage and hybrid character of the wave
function located on the respective Si 1 site remain
practically unaltered. In each case, 60% of the total
wave function is localized on a single unpaired silicon
atom, this portion of the wave function being of 85%
p and 15% s chara, cter. As argued in I, the enhanced

p chara, cter over that of an sps bond can be construed
to indicate a relaxation of the unpaired silicon atom
toward its three nearest neighbors and away from the
vacancy.

The percentage of O'D,„„v„on the impurity atom
site is seen to increase with the atomic weight of the
atom occupying that site. It is possible to account for
only l%%uo of the wave function on the phosphorus site,
while 4% is found on the antimony atom in its va-

TAnrz IL Hyperfine parameters (a; and b;) and the correspond-
ing molecular wave-function coefficients (nP, PP, and nP) calcu-
lated from the observed hyperfine interaction constants of the
group-V atom-vacancy pair spectra.

Q =e'q Q/2I(2I —1), (16)

where eQ is the nuclear electric quadrupole moment
and eq, is the electric field gradient along this axis. Since
the magnitude of eq at the nucleus receives its greatest
contribution from the lowest partially filled p-type
orbitals, " the magnitude of Q may be related to the
degree of unbalanced charge density in the 4p and 5p
orbitals of As and Sb, respectively. For a single electron
in a rip orbital, the field gradient is axially symmetric
along the axis of the p function, with

(17)

With our previous estimates of (r„~ '), and the val-
ues

+0.3(10 "cm') and —0.53(10 '4 cm')

for the quadrupole moments of As"' and Sb"', respec-
tively, we estimate

Qi'(As")4„= —23(10 ' cm ')

Qi'(Sb"') s
——+20(10-4 cm-') .

(18)

Comparison with the observed values along the im-
purity-vacancy axis (Table I) indicates an unbalanced
charge density in this direction equivalent to 21%%uo

pure 4p for the arsenic center and 15%%uo pure 5p for
the antimony center. (In this analysis, we ignore the
small departure from axial symmetry for Q'. ) The signs

2~T. P. Das and E. L. Hahn, XNclear Qgadrlpole Resonance
Spectroscopy (Academic Press Inc., New York, 1958), p. 17.

2' C. H. Townes and B.P. Dailey, J.Chem. Phys. 17,782 (1949).
27 H. Schuler and M. Marketu, Z. Physik 102, 703 (1936).
28 K. Mur@kawa, Phys. Rev. 100, 1369 (1955).

cancy-pair center. The composition of the wave function
at this site as one goes from phosphorus to antimony is
seen to increase from 30%%uo to 40% s, and decrease
from 70%%uo to 60% p.

Accompanying the increase in the percentage of
0 D,„„v„,which can be accounted for on the impurity
atom site, is a corresponding decrease in the relative
percentage on the sites of the two paired silicon atoms.
An additional 6% of 4'p v„ is found on the phos-
Phorus Si 2 and Si 3 sites, whereas only 2% of +sb v„
can be so accounted for.

For each of the centers, 70%of its wave function can
be accounted for on the localized molecule composed of
the four atoms surrounding the vacancy. The remaining

30% of %no„or vg, is presumably distributed. over
more distant silicon atoms, and gives rise to the ob-
served structure on the shoulders of lines in the EPR
spectra,

3. Qgadrsipolar Ieteracti ops

Information regarding the total electronic charge den-
sity distribution surrounding the impurity atom nucleus
can be obtained from the magnitude and sign of the
quadrupolar interaction. The quadrupole constant Q,

'

along a principal axis is given by2'
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of the Q', arrived at by assuming A; positive, indicate
an excess of electronic charge density along the im-
purity-vacancy axis for both centers.

We can refer to the model of Fig. 1 to see if these
values are reasonable. As a first estimate, let us assume
that the electron density in each of the other three
bonding orbitals emanating from the group-V atom
(bonding to its neighbors, not shown) corresponds to
that of a single electron in the corresponding directed
atomic orbital on the atom. Therefore, one of the elec-
trons in the dangling orbital pointing into the vacancy
just cancels the field gradient due to the bonding ones,
and the remaining field gradient arises from the second
electron in the dangling orbital. Using as a guide to the
percentage p character in the dangling orbital that de-
duced from the hyperfine interaction in Table II, we
conclude that the field gradient should be that corre-
sponding to an excess electron with 60—70% p character.
The observed sign is therefore as expected, and the size,
though somewhat lower than this simple model predicts,
is of the right order of magnitude.

There are several refinements to the model which
would tend to reduce the magnitude of the predicted
6eld gradient: (a) The extra nuclear charge of the
group-V atoms should introduce partial ionic character
into the bonds with its neighbors, increasing the elec-
tronic density in the corresponding directed orbitals on
the atom above that estimated above. This serves to
cancel part of the field gradient of the extra electron in
the dangling orbital; (b) refinements in the one-electron
wave functions to include overlap and admixtures be-
tween the orbitals on the neighboring atoms as well as
configurational interactions should also tend to spread
the excess electron density out, decreasing the field
gradient.

We therefore conclude that the observed quadrupole
interactions are consistent with the model, representing
an excess electron density along the impurity-vacancy
axis and of a magnitude corresponding to a substantial
fraction of unbalanced p character, as predicted.

4. g Tensor

In the case of the phosphorus-vacancy pair, the g
tensor is approximately axially symmetric with its prin-
cipal axis very close to the (111) direction associated
with the dangling orbital on the Si 1 atom of Fig. 1.
In I we argued that this could. be explained satisfactorily
through spin-orbit interaction primarily on the Si1
atom core. As we go, however, from P to As to Sb, the
increased concentration of the wave function on the
group-V atom (Table II) plus the increased spin-orbit
interaction with atomic weight will make the spin-orbit
interaction at the group-V atom core also become im-
portant. This is apparent in Table I, where the axial
symmetry deteriorates and the g& axis departs from the
Si-vacancy axis progressively as we go to the As- and
Sb-vacancy pairs. For antimony, for instance, the

atomic spin-orbit interaction is a factor of 20 larger
than that for silicon. Therefore, even though only 4% of
the wave function is concentrated on the antimony, we
might expect comparable contributions from it and the
silicon atom. From Table I, we note that the maximum
anisotropy (g2 —gi) for the Sb-vacancy pair is roughly
twice that for the P-vacancy pair, consistent with this
expectation.

In addition, certain qualitative features of the g-
tensor anisotropy can be understood if we consider the
contributions to the g shift from the two atoms as simply
adding independently. For instance, in I we concluded
that for a single dangling atomic orbital, Ag&t 0 and
&gi is positive and proportional to XP2vP. Since the 2

axis is perpendicular to both the Sb- and Si-vaca. ~cy
axes, we would therefore expect the maximum positive

g shift to be along this direction, as observed. On the
other hand, it is not possible to reproduce the observed
anisotropy in the g&g3 plane very well by this approach.
It is clear that detailed agreement requires a more
sophisticated treatment where contributions of other
atom cores are included as well as the effects of inter-
atomic currents, etc.

IV. NOTIONAL EFFECTS

The validity of the defect model presented for the As
and Sb centers may be tested in various ways. Spectral
alterations produced. by the application of uniaxial
stress and/or temperature variations may be critically
compared with the predictions of the model.

For instance, for the particular group-V atom-
vacancy direction shown in Fig. 1, there are two other
entirely equivalent configurations, corresponding to
bonding Si 1 and Si 3 together and leaving the unpaired
el.ectron on Si 2, or Si 1 and Si 2 together, with the un-
paired electron on Si 3. These together with the con-
figuration depicted in Fig. 1 represent the three equiva-
lent Jahn-Teller distortions associated with each defect.
The energetics and kinetics of thermally activated re-
orientations among these three equivalent distortions
is considered in Sec. IV A, while preferential alignment
of the distortion direction caused by uniaxially applied.
stress will be described in Sec. IV B.

In addition to this electronic reorientation, the im-

purity atom-vacancy axis may also be preferentially
aligned by the application of stress at elevated tempera-
tures. The results of these studies will be described in
Sec. IV C.

A. Low-Temperature Linewidth Studies

As the temperature is raised above 60'K for the
As center and 75'K for the Sb center, both spectra
are observed to change similarly, as shown in Fig. 8 for
the Sb center. The relatively simplified spectrum at the
high-temperature end results from the emergence of
lines (such as ABB6) at positions intermediate between
other lines (such as A6 and B6) which had initially
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B6 t AgB6 A6 C6

FrG. 8. Antimony-vacancy spectrum (high-field Sb"I hyperfine
group) versus temperature showing the e&ect of thermally acti-
vated reorientation from one Jahn-Teller distortion direction to
another, H~I(111l.

broadened and then eventually disappeared. A brief ac-
count of this behavior, suggestive of thermally activated
electronic reorientation among the three equivalent
Jahn-Teller distortion directions, will be given below.
A. more complete description is given in I.

Because of the anisotropy of the g tensor, a multiplet
brought into resonance at a particular Geld value when
the defect is in one of its distorted positions will, in
general, be thrown out of resonance when the defect
reorients to another distortion direction and gives rise to
another multiplet at a different field value. If the jump-
ing rate is rapid enough (i.e., the correlation time
r &10 ' sec), a lifetime broadening of the spectral lines
will result. A.t higher temperatures the jumping rate
becomes so rapid as to average out the g anisotropy,
causing motional narrowing and the eventual emergence
of a line whose g value represents a weighted average of
those of the original multiplets.

For the Sb-vacancy pair, reference to Fig. 4(b) for
H~~(111) indicates three distinguishable g values labeled
A, 8, and C. These give rise together with the Sb"'
hf interaction to six sets of lines 3;,8;, C; (i= 1, , 6),
one such set being shown in Fig. 8(a). For the defect
configuration labeling scheme previously described (Sec.
III B 1), the first letter indicates the site of the impurity
atom, while the second letter gives the site of the single
silicon atom containing the unpaired electron. Thus, the
three permissible defect conGgurations resulting from

+3-
+2—

-IO
0 IO 20 30 40

I/T (IO 'K

I

50 60

FIG. 9. Lifetime 7' of the Jahn-Teller reorientation versus
temperature for the three group-V vacancy pair spectra.

electronic reorientation around a Gxed impurity-
vacancy axis direction are obtained by permuting the
second letter through the three values not represented
by the unchanging first letter. The C; lines are seen to
arise from the defect conGgurations da, db, dc, which are
equivalent when the magnetic field is along the impurity
atom-vacancy direction. Since no change in the g value
results from electronic reorientation among these three
conGgurations, line C6 would not be expected to exhibit
motional broadening or narrowing. Figure 8 shows that,
indeed, this line stays sharp throughout the tempera-
ture region. Lines A6 and 86 broaden as expected, with
As (arising from half as many defect configurations as
Bs) approxima, tely twice the width of 8 throughout the
broadening phase. The line A686 is seen to arise at
higher temperatures at a weighted position between A6
and 86.

Proceeding as in I, it is possible to deduce the lifetime
v- of the reorientation process in both the broadening
and narrowing phases. (Because of a poor signal-to-
noise ratio and the presence of competing spectra, it
was not possible to follow the arsenic center in the mo-
tionally averaged phase. For it, only the broadening
phase was studied. ) These values, plotted versus tem-
perature in Fig. 9, permit an estimate of the activation
energy for the process. This will be deferred, however,
since results to be described in Sec. IV 8 aHow a more
accurate determination to be made. It is noted that the
values found here (E~,=0.06 eV for the As center,
Zsb=0. 07 eV for the Sb center) are very close to that
found for the phosphorus-vacancy center (=0.06 eV),
and are deemed reasonable values for the type of bond-
switching motion postulated.

For the antimony center, the signal-to-noise ratio in
the motionally averaged state was adequate to detect the
Si" hf satellites. For H~~(100), the satellites were found
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to be three times as intense relative to their central com-
ponent as compared with the low-temperature (20.4'K)
spectrum. At the same time, the splitting was reduced
to 45.0 G (from 125.3 G). As pointed out in I, this is
just what is expected for thermally activated reorien-
tation between the three Jahn-Teller distortions in that
the unpaired electron is now effectively smeared over
the three silicon sites neighboring the vacancy. Proceed-
ing as in I, the hf interaction A'((100)) in this state is
given by

A'((100)) = -', P A;((100)), (b) 410 1ltj/Cm~

in which A, (i= 1, 2, 3) is the strength of the interaction
at each of the three silicon sites for the Jahn-Teller dis-
tortion direction of Fig. 1. Kith the measured values
of A'((100)) and A i((100)), we can therefore deduce As
and A3, which must be equal by symmetry:

~As((100))
~

= [As((100))
~

=4.6X10 'cm '.
These values yield the isotropic constants a2 and a3
given in Table II, if the interaction is assumed axially
symmetric along a (111)direction.

As mentioned earlier, the arsenic spectrum could not
be studied in the motionally averaged state and the cor-
responding values were therefore not obtained for it.

B. Low-Temyerature Stress Studies

It is also possible to study the electronic reorientation
described in Sec. IV A by applying a uniaxial stress to
the crystal. The application of stress destroys the cubic
symmetry of the crystal, under which all possible defect
orientations had been equally probable. By adding to
a particular Jahn-Teller distortion, for instance, the
stress lowers the energy of the defect in that direction
and preferential population of this minimal-energy con-
figuration will result.

Figure 10 shows the change in the As-vacancy spec-
trum under a (110)compressional stress at 20.4'K with
the magnetic field along another (110) direction per-
pendicular to the stress. Similar effects are observed for
the Sb-vacancy spectrum, as well as for that of the
phosphorus vacancy as reported in I. For these last
two, the interpretation is straightforward because their
spectra have been completely analyzed and each multi-
plet can be identified with its specific orientation. For
these the dominant effect is a large decrease in the db,

dc, ab, ac lines with a corresponding increase in the ad,
da. Smaller effects are observed on the other multiplets.
We have chosen to show the more complex results for
the As-vacancy spectrum, however, to demonstrate the
analysis in reverse. Here we have used the analogy with
the other centers to help identify the orientations associ-
ated with each multiplet. This technique was referred
to earlier in Sec. III C.

The recovery of each spectrum from its stress-induced
alignment was observed to proceed exponentially with
a temperature-dependent time constant r. For the As

FIG. 10. Change in the arsenic-vacancy pair spectrum (H)~ L011))
under t 011$ compressional stress at 20.4'K. The lines (indicated
by arrows) that decrease in intensity are identi6ed with the ag,
ac, db, dc defect orientation while those shown as increasing are
the ad, dg.

center, r=8.2 (10') sec at 20.4'K, while for the Sb
center, r=3.0 (10') sec at 20.4'K and =3.() sec at

30'K. Since this time constant 7 is the same param
eter determined from the linewidth studies of Sec. Ip A,
these values have been included in Fig. 9 with the line
width study data for both centers. (Th{: phosphorus
vacancy center result is also shown for comparison. Its
experimental points have been omitted, however, to
prevent possible confusion with the measured points
for these centers. )

The estimates of the activation energies and fre-
quency factors determined from these semilog plots are
also indicated in Fig. 9. These values are seen to deviate
only slightly for the three centers. The relative inde-
pendence of the activation energy from the particular
impurity atom associated with the defect center Inay
be taken as a further indication that the interpretation
primarily in terms of an electronic reorientation among
the three silicon neighbors is a valid one.

57ow consider the magnitude of the alignment. As
has been shown in I, three nonequivalent sets of orien-
tations are created by the (110) stress. If the popula-
tions of these sets are assumed to follow a Boltzmann
distribution, then the energy differences between the
sets may be expressed in terms of two temperatures T
and T~ given by the relationships

Es,/1Vsq= exp( —T /T),
1V,s/1V s= exp( —T~/T),

With Nbc +cby +ad +da& +pat —+cd Vga +ca
+db= +dc +ah +ac The observed values of. T

"We take this opportunity to correct an error in I. There are
four nonequivalent sites, as listed above, not three as shown jn
Fig. 14(a) of I.This error also appears in Ref. 5 as part of Fq. (g).In both cases the error was a typographical one only, the analyses
and anal results obtained in these papers being correct. We are
grateful to Dr. A. Kalma for bringing this error to our attention.
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TABLE pig. Comparison of the observed and calculated energy closer together. As argued in I, the size of M is reason-diBerences for the differently oriented defects of the P, As, and
Sb centers under the indicated (110) cornpressionai stresses able, betng of the order of observed deformation poten-

tials in silicon.
Defect center
(110) stress

P vacancy
g70 kg/cm'

As vacancy
410 kg/cm'

Sb vacancy
490 kg/cm'

Ter

Tp

Tot

Tp

Ta
Tp

Observed
('I)
+ 9—90

+ 2.5—28.8

305—37.5

Calculated
('I)

+11
94

+ 3.5—28.8

+ 4.6—37.5

M
(eV)

+16.8

+11.0

+11.9

Tp are given in Table III along with those of the phos-
phorus-vacancy pair center.

For the Sb-vacancy pair, the sample was stressed at
40'K and then cooled with stress on to 20.4'K by filling
the crystal with liquid hydrogen. From Fig. 9 we esti-
mate that equilibrium alignment at 30'K was
quenched in by this process. In the analysis of Eq. (19)
for this defect, we have therefore used T=30'K. For
the As-vacancy pair, the reorientation rate was short
enough at 20.4'K. to allow the application of stress at
this temperature.

Proceeding as in I, we take the simple view that only
the component of strain along the direction of the two
bonding silicon atoms is responsible for the change in
energy of a particular defect configuration. We define
the change in defect energy per unit strain along this
direction as

M= (dE/de)s; s;. (20)

Using the measured values of the Tp given in Table
III and proceeding with the analysis as in I, the value
for the As center is determined to be

3I~, +11.0 eV/(u—nit strain), (21)

while for the Sb center

Msb —+11.9 eV/(unit strain) . (22)

The values of T calculated on the basis of these values
of M are also given in Table III.

We conclude that the general features of this simple
model are confirmed. The observed values of T are an
order of magnitude smaller than the Tp, as predicted.
For the phosphorus and arsenic center, the sign of T
is also correctly predicted. For the antimony center, it
is not. The failure for this center presumably reQects
the oversimplified treatment of its coupling to the strain
field. In general, this coupling must be expressed by a
second-rank tensor, which for a center of this symmetry
has three independent components, not just the one
given by Eq. (20). Small values f'or these other compo-
nents could easily change the sign of T without chang-
ing the conclusion that the dominant effect is still that
of Eq. (20).

In terms of the model, the positive sign for 3f con-
6rms the expectation that the energy of the defect is
lowered when the two bonding silicon atoms are pushed

E.s+N. ,+X.b—1.76.
&b.+».+&bs

(23)

Similar studies of the As-center spectrum resulting from
a compressional stress of =2500 kg/cm' at 90'C pro-
vide an estimate of the observed alignment as —1.51.

It is possible to estimate the degree of alignment ex-
pected solely in terms of the change in defect energy
per unit strain along the Si-Si bond axis direction, using
the values of M found in Sec. IV B. Proceeding in a
manner similar to the analysis of Sec. IV 3, one obtains
predicted alignments of 1.36 and 1,23 as compared with
the observed values of 1.76 and 1.51, respectively. It is
seen that the predicted values are &1, as observed, con-
firming the expectation of the model that the two bond-
ing silicon atoms prefer to align along the compressed
direction. It is possible to bring the predicted values in
line with the observed values by extending the above
treatment to include another parameter which expresses
the change in defect energy per unit strain along the

il
ob, oc
db, dc

cb

bo, ca
„bd,cd

ad
da

(o) (b)

Fxc. 11. Antimony-vacancy pair spectrum (high-6eld Sb"'
hyperfine group) at 20.4'I, H~~t 011/; (a) before and (b) after
3200 kg/cm' L011$ conrpressional stress at 110'C.

C. High-Temperature Stress Studies

The reorientation of the impurity-atom-vacancy axis
from a particular (111)direction to another (111)di-
rection is distinct from the reorientation described in
Sec. IV B.Stress alignment of this degree of freedom of
the defect occurs at relatively higher temperatures, re-
flecting the additional energy required to produce this
atomic, rather than electronic, reorientation.

Alignment was achieved by applying a (110)compres-
sional stress to the crystals for 15 min at elevated tem-
peratures in an external squeezing apparatus. After
cooling to room temperature with the stress on, the
samples were replaced in the cryostat and cooled to
20.4 K in order to monitor the resulting alignment.

Figure 11 shows the changes in the Sb-center spec-
trum produced by a stress of 3200 kg/cms applied at
a temperature of 110'C. Analysis reveals a degree of
alignment in Fig. 11 of
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impurity-atom-vacancy direction. The values for this
parameter which represent a best Qt to the stress con-
ditions of each center are, for the As center,

T~LE IV. Comparison of kinetics for the group-V atom-
vacancy pair reorientation (EPR) with the corresponding Z&, —(0.4
eV) electric level anneal. '

X~,=(dE/de)~, v„=—6.5 eV/(unit strain), (24)

and for the Sb center,

Xss (—dE/ds) Bs v, ——6.1 eV/(unit strain) . (25)

In I a similar value was required for the phosphorus-
vacancy center,

Defect

P U

As U

Sb U

a Reference 31.

EPR reorientation
ro '(sec ') E(eV)

1.6(10M) 0.93+0.05
1.0(10") 1.07+0.08
9.4(10") 1.29+0.10

E.—(0.4 eV) level

v0 '{sec ') E(eV)

3 (10') 0.94
2(10s) 1 07
1(10'0) 1.28

r '=so 'exp( —Z/kT), (26)

with the values of ~p ' and E for each of the centers given
in. Table IV.

It is interesting to inquire as to the detailed nature
of the reorientation. processes associated with the above
activation energies. It was shown in I that the reorien-
tation couM be interpreted as a four-step process in
which the vacancy makes two jumps away from the
impurity atom, and then makes two jumps back. The
increased value of the activation energy E for reorien-

+100 75
T (oc)

50 25

lo~ I I I 1 t

2$ 2.B 3.0 3.2 3.4 3.6 3.8 4.0
I/T tlo 'K )

FIG. 12. Characteristic recovery time versus temperature for the
group-V atom-vacancy axis reorientation.

Er 9e—V/—(unit strain) .

The reorientation kinetics were studied, by monitoring
the recovery from stress-induced alignment versus an-
nealing. The sample was removed from the cryostat
and placed in a bath of boiling water for a 100'C anneal
or into a regulated (+0.5'C) oil bath for lower-tempera-
ture anneals. The sample was then returned to the cryo-
stat and the remaining alignment monitored at 20.4'K

The Sb-doped samples were subjected to a series of
isothermal anneals at 100 and 53'C, similar studies
for the As-doped crystals being made at 73, 53, and

35'C. The recoveries exhibited simple exponential
behavior, and. are compared with the phosphorus-
vacancy center result in Fig. 12. The characteristic
relaxation times of the reorientation processes were fit
to the expected form for a simple thermally activated
process.

tation over that for single vacancy motion" ( s eV)
therefore reRects the fact that some of the binding en-
ergy between the vacancy and the impurity must be
overcome in removing the vacancy to this next-next-
nearest-neighbor position. We expect the binding due
to Coulomb interaction to be essentially the same for
the three centers so that the differences observed for
E presumably arise from elastic interactions. The ob-
served increase in E as we go from phosphorus to arsenic
to anitmony correlates with the increasing size of the
atom, consistent with the expected interaction of an
oversized atom with the tensile strain 6eld around a
lattice vacancy. The large variation between the three
centers indicates the importance of these elastic effects
in the binding.

Reorientation plus impurity-vacancy interchange al-
lows the defect to diffuse as an entity through the lattice.
We have no way of directly measuring the kinetics of
the impurity-vacancy interchange, but it seems rea-
sonable to assume that its barrier is small compared with
the reorientation energy, being more of the order of the
value for the isolated vacancy motion ( rs eV)".If this
is correct, the bottleneck for the diffusion is the reorien-
tation barrier and E in Table IV is also the activation
energy for diffusion.

A striking confirmation that this is the case is ob-
tained by comparison with recent annealing studies re-
ported by Hirata et al." They studied the annealing
kinetics of deep-lying acceptors ( E, 0.4 eV) in-
irradiated Boating zone silicon, doped with the different
group-V atom donors. In the As- and Sb-doped ma-
terials, two annealing stages were observed in the range
100-250'C. The higher-temperature stage was analyzed
by these authors to have a characteristic recovery time
r of the form given by Eq. (26) with the values for rs '
and E given also in Table IV. Although no estimates of
the accuracy have been given by the authors, the agree-
ment with the values determined by the EPR reorien-
tation kinetics is striking. Also shown is their corre-
sponding result for P-doped silicon with its similar
agreement, as noted in I. The uniform factor of 10'
relating the two values of Yp is consistent with long-
range diGusion of the entity for the annealing, with

10' jumps before being trapped by some other defect

"G.D. Wations, J. Phys. Soc. Japan 18, SnppL II, 22 (1963).
"M. Hirata, M. Hirata, H. Saito, and J. H. Crawford, Jr.

(to be published); J. Appl. Phys. 38, 2433 (1967}.
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in the lattice. At the same time, the close agreement
serves to confirm that the defect being studied by these
authors is correctly identified as that associated with
the group-V atom-vacancy pair.

t A lower-temperature annealing stage ( 100—150'C)
was also observed by Hirata et a/." which depended
upon the doping impurity. For it, the activation energy
was higher (1.25 eV for As, 1.74 eV for Sb) with a large
preexponential factor more characteristic of a single

jump process. The origin of this is not understood and
may reQect the property of some other defect interac-
tion with the impurity. )

V. JAHN-TELLER STABILIZATION ENERGY

It is of interest to know the size of the energy associ-
ated with the Jahn-Teller distortion. One estimate
comes from the character of the unpaired electron wave
function itself. This can be seen as follows: In Fig. 13
we sketch a simple one-electron molecular orbital treat-
ment for the electronic structure of the defect. Here the
atomic orbitals are the broken bonds (a, b, c, d) of the
four atoms surrounding the vacancy. Atom C is the
group-V atom, its presence lowering the symmetry
from Ta (for the isolated vacancy) to (.t„. Because of
the extra nuclear charge on the group-U atom, its or-
bital (ttr) is lowest in energy, the linear combinations of
the orbitals on the remaining three silicon atoms split-
ting into a singlet (aq) and a doublet (e) as shown.
(Small admixtures allowed between the two ar states
are shown in brackets. )

The neutral state has five electrons, and we populate
the molecular orbitals as shown, filling each level before

a-d,
Jz, 4 ()2b-a-d

W6

{Qtt)a-d
Jz

(a'}+b-{k~ '++ kzcJ
I

(a), ~ ~ +(1)b-1gc,Q+d

(Q)

(a) ta c+1(ks~~ +1zb)

Clh

FIG. 13. Simple one-electron LCAO molecular orbital model for
the group-V atom-vacancy pair; (a) before and (b) after the
Jahn-Teller distortion.

going to the next. (It is not obvious a priori that this
recipe, which in effect ignores the electron-electron inter-
actions as small compared with the energy between the
molecular orbitals, is the correct one. We accept this as
an empirical recipe which appears to work4 for all of the
vacancylike defects so far studied in silicon. A theoreti-
cal justification for this simple recipe remains to be
given. ) Because of the partially 61)ed e orbital, the re-
sulting state is degenerate, of E symmetry. It is there-
fore unstabje against a distortion of E symmetry and
a Jahn-Teller distortion results as indicated in the figure.
If the Jahn-Teller energy were small with respect to the
e-a~ separation before distortion, the distortion shown
would cause the wave function for the unpaired electron
to be simply

6 '"(2b—tt —d)

and the percentage of the wave function on the three
silicon atoms would be in the ratio 4:1:1.Instead, this
ratio is 20:1:1or greater. This tells us that the Jahn-
Teller splitting must be comparable to (or greater than)
the e-u~ spacing resulting in the strong admixture of the
wave functions as shown in the figure.

The Jahn-Teller energy is therefore a sizeable energy
in the problem, being at least comparable to the "crystal
field" energies (as represented by the e-ttr spacing) and
therefore presumably larger in turn than the electron-
electron interactions. This is an important observation
and means that in a theoretical treatment of a defect
like this, the Jahn-Teller effect cannot be "turned on"
at the end of the calculation. In the order of a perturba-
tion treatment, it must be included at the outset. As
previously pointed out by one of us (G.D.W.),"this may
have important bearing on previous calculations of
vacancies in diamoncl where the Jahn-Teller effect has
been either ignored" "or introduced only at the end
of the calculation. " "Indeed, the success of the simple
one-electron approach of Fig. 13 for the defects in this
paper and for other defects in silicon may well be to a
large extent a result of the large Jahn-Teller effect which
serves to force a one-electronlike character on the
problem.

We can also make a rough estimate of the absolute
magnitude of the Jahn-Teller energy. First, let us cor-
rect an error in our previous paper (I). There, we at-

es A. B. Lidiard, in Prooeedirtgs of the Severtth 1ntergatiottat
Conference on Semiconductors, Paris 1964, Vol. III, edited by P.
Baruch (Academic Press Inc. , New York, 1965), p. 335."C.A. Coulson and M. J. Kearsley, Proc. Roy. Soc. (London)
A241, 433 (1957).

~4 T. Yamaguchi, J. Phys. Soc. Japan 17, 1359 (1962); in Pro-
ceedzngs of the Seventh International Conference on Semiconductors,
Paris 1964, Vol. III, edited by P. Baruch (Academic Press Inc. ,
New York, 1965), p. 323.

e5 A. M. Stoneham, Proc. Phys. Soc. (London) 88, $35 (&966)."M. Lanoo, thesis, Faculte des Sciences, Orsay, France, 1966
(unpublished).

'7 J. Friedel, M. Lanoo, and G. Leman, Radiation sects in
Semiconductors, edited by F. L. Vook (Plenum Press, Inc. , New
York, 1968), p. 37.

'8 A. B.Lidiard and A. M. Stoneham, in Science and 1'echnology
of Industrial Diamonds, edited by John Hurls (Eyre and Spottis-
woode, Ltd. , at Grosvenor Press, London, 1967), Vol. I, p. 1.
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tempted to relate its magnitude to the energy barrier
for thermally activated reorientation from one Jahn-
Teller direction to another. This was not correct. As
has been shown by Opik and Pryce, " the barrier for
reorientation for a Jahn-Teller distorted E state bears
no simple relation to the Jahn-Teller energy itself, being
usually much smaller and arising only from higher-order
terms in the Jahn-Teller Hamiltonian.

We can, on the other hand, make an estimate of the
Jahn-Teller energy as follows: Consider for simplicity
only the "molecule" made up of silicon atoms a, b, and
d and their corresponding orbitals. For the wave func-
tion that is stabilized by the Jahn-Teller distortion (of
e symmetry in C&„, and transforming as a' in the dis-
torted C&z symmetry), the expectation value of the
Jahn-Teller Hamiltonian can be written

ye(a') )= V,Q(a')+-,'k.Q(a')', (27)

where Q(a') is the component of the e vibrational normal
mode of the molecule that also transforms as a' in C~~.
Here the quadratic term represents the elastic restoring
forces on the atoms while the linear term contains the
driving force for the Jahn-Teller effect. Minimizing (27)
with respect to Q(a'), the energy becomes

E=Egg —V '/2k—— (28)

Therefore, if we can determine V, and k„we can esti-
mate the Jahn-Teller energy as well as the magnitude
of the distortion.

V, can be estimated experimentally from the stress-
alignment experiments described in Sec. IV B.This can
be seen as follows: The e8ect of applied stress on the
crystal can be accommodated by rewriting Eq. (27) as

where Q'(a') is the new equilibrium position for this
mode under the applied stress (but before the Jahn-
Teller distortion). Minimizing this as before with re-
spect to Q(a') gives

E'= —V,2/2k, +V,Q'(a'),

or a change in energy of the defect

AE= V,Q'(a') . (31)

In the stress-alignment experiments, we have deter-
mined AE directly. Assuming that for the atoms sur-
rounding the vacancy the displacement under strain is
the same as that of the host atoms, the Q'(a') can be
calculated directly from the applied stress and the elastic
constants of silicon. The analysis is outlined in the Ap-

»U. Opik and M. H. L. Pryce, Proc. Roy. Soc. (London)
A238, 425 (1957).

which is the Jahn-Teller stabilization energy. The re-
sulting equilibrium distortion coordinate is

Qo(a') = —V./k. . (29)

TABLE V. Estimates of the Jahn-Teller energy and the magnitude
of the distortion for the group-V atom-vacancy pairs.

Defect

P. U
As V
Sb U

U,
(eV/A')

—4.3g—2.g7—3.10

&ST

(eV)

—1.36—0.57—0.66

0.61
0.40
0.43

k,= (22/27) k. (33)

With the value for k estimated by Swalin" from com-
pressibility data (8.9 eV/A ), this gives

k, = 7.25 eV/1'. (34)

The force constant k, is also given by pro, ', where co,
is the angular frequency of the e vibrational normal
mode and p, is the mass of the silicon atom. The value
that we have calculated (34) therefore corresponds to
a frequency of 6.4 (10") rad/sec. We note that this is
a reasonable value, being comparable to the charac-
teristic frequencies of the perfect lattice. Compare, for
instance, to the Raman frequency4' of 9.85(10").We
have chosen to estimate k, from our simple model,
rather than working back from the phonon curves of
the perfect lattice, because the model has built into it
the effect of the nearby vacancy. 4'

With (34) and Eqs. (28) and (29), the resulting esti-
mates of the Jahn-Teller energy and the magnitude of
the distortion are given in Table V. We see that the en-
ergies are indeed large, being of the order of 1 eV. There
are, of course, uncertainties in these estimates that are
dificult to evaluate. These involve our model for the
estimate of k, as well as the assumption that the atoms
neighboring the vacancy move under the applied stress
identically to the perfect-lattice atoms. This is the best
we can do at this stage, however, and the estimates at
least indicate the magnitude of the energies.

Another oversimplification in the model should also
be pointed out. We have assumed a linear Jahn-Teller
coupling in (27) while a glance at Fig. 13 suggests strong
nonlinear effects due to the interaction between the a'

40 R. A. Swalin, J. Phys. Chem. Solids 18, 290 (1961).4' J. P. Russel, Appl. Phys. Letters 6, 223 (1965).4' We are grateful to A. M. Stoneham, who suggested the model
for calculating k, .

pendix. The result is that

V,= —%2M/a, (32)

where M is the parameter Ldefined by Eq. (20)j al-
ready determined from the stress-alignment studies
(Table III), and a is the lattice constant of silicon
(5.43 A). The resulting values of V, are given in Table
V.

In order to estimate k„we take a simple model in
which all of the atoms except the three silicon atoms
neighboring the vacancy are kept fixed, and only
nearest-neighbor central forces are considered. With k
the nearest-neighbor force constant, the result is
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energy levels. In this simple Hartree model, the total
electronic energy is just the sum of the one-electron
energies. Therefore initially in the distortion the energy
is lowered at a rate associated with the single electron
in the split-off e state. After the "crossing, " the energy
lowering approaches twice this rate since two electrons
are now in the u' orbital being lowered. In our stress-
alignment experiment, the V, that we measure corre-
sponds to the slope of the electronic energy versus Q(a')
at the equilibrium distortion position. Therefore Eq.
(27) really reflects an equivalent linear Jahn-Teller
Hamiltonian that would exist if the e-a~ splitting were
zero and that would give rise to the existing distortion
coordinate Qs(a'). It tends to overestimate the Jahn-
Teller energy, but again not grossly, the error always
being less than the e-ai separation.

This nonlinear Jahn-Teller coupling, on the other
hand, gives a natural explanation for the strong static
character of the distortion. As we have mentioned
earlier, a doublet state in the presence of a strictly
linear Jahn-Teller coupling and pure harmonic restoring
forces has an in6nity of distortion positions, with no
energy barrier for reorientation. 4' Anharmonic terms in
the restoring forces" or nonlinear terms in the Jahn-
Teller coupling, ~ on the other hand, can serve to sta-
bilize a speci6c distortion. In particular, it is straight-
forward to show that, in the presence of coupling be-
tween the a' states, the sum of the one-electron energies
of Fig. 13 is a minimum for the specilc distortion given
in the figure. 4' This simple one-electron molecular or-
bital approach therefore has built into it the neces-
sary nonlinearity to predict the strength and sense of
the static distortion as well.

VI. SUMMARY

We conclude that the Si-G23 and Si-G24 KPR spectra
described in this paper arise from the neutral charge
state of a lattice vacancy adjacent to a substitutional
arsenic or antimony atom, respectively. They are there-
fore formally equivalent to the Si-G8 spectrum which
was previously identified as the corresponding phos-
phorus-vacancy pair. The electrical properties of all
three defects are similar, each introducing a single net
acceptor level at E, (0.4 eV). t Sma—ll but measur-
able differences ( 10%) in the exact level position for
the defects appear to be indicated from the work of
Sonder and Templeton. rg

For all three, the ground state of the defect is charac-

4' J. H. Van Vleck, J. Chem. Phys. 7, 72 (1939).
44 A. D. Liehr and C. J. Ballhausen, Ann. Phys. (N. Y.) 3, 304

(1958).
4' We compare the energy for this sign of the Q(a') distortion

with that of the opposite sign. Since both preserve C&J, symmetry
(which has a mirror symmetry plane), each must be an extremum,
one the minimum and the other the maximum energy conhgura-
tion. The diGerence between the two should therefore be the bar-
rier. Since we measure the barrier, it is clear that this simple
Hartree model could be pushed further quantitatively. Attempts
have been made in this regard, with some success, but they will be
deferred to a subsequent publication.

terized by a Jahn-Teller distortion as shown in Fig. 1
in which two of the three silicon atoms neighboring the
vacancy pull together to form an electron-pair bond,
with the unpaired electron primarily in a dangling orbital
on the remaining silicon atom. Analysis of the hyperfine
interactions shows a very close similarity between the
centers with 60% of the wave function on the single
silicon atom site for each. Another 6—7% of the wave
function is accounted for on the three other atoms neigh-
boring the vacancy, with a tendency as we go from P to
A.s to Sb to increase the concentration on the group-V
atom (1—4%) at the expense of the other silicon atoms.
The remainder of the wave function is presumably
spread out over more distant silicon atoms. The addi-
tional information obtained from the quadrupole inter-
action at the As and Sb sites is consistent with the
model.

We conclude that the magnitude of the Jahn-Teller
stabilization energy is large, being of the order of 1 eV.
It appears to be larger than the electron-electron inter-
action energies and comparable with (or possibly greater
than) the crystal field energies for the valence electrons
involved in the core of the defect. It is therefore clearly
important in determining the electronic structure of
the defect and any theoretical treatment of the defect
should include the distortion at the outset in the
calculation.

For all three defects, the Jahn-Teller distortion at low
temperatures is a static one, with a barrier for reorien-
tation measured to be 0.06 eV. A simple one-electron
molecular orbital treatment of the defect has been out-
lined which gives a natural explanation for the static
character of the distortion as well as the character and
sense of the distortion involved.

The kinetics of the group-V atom-vacancy reorienta-
tion have also been studied and compared with recent
annealing studies by Hirata et Ol. The close correlation
indicates that annealing of the defect involves migration
of the pair as a unit through the lattice.

In our previous paper on the phosphorus-vacancy
pair, we used the information gained about the phos-
phorus-vacancy interaction to estimate the activation
energy for silicon self-diffusion (a quantity which had
not been measured at the time) and in turn to estimate
the formation energy of the lattice vacancy. In particu-
lar, we pointed out that for a monovacancy diffusion
mechanism, the activation energy for phosphorus diffu-
sion in silicon should be lowered from that of silicon
self-diffusion by the binding energy of the vacancy and
phosphorus when separated to their next-next-nearest
positions. Taking this binding to be 0.28~0.15 eV
(deduced from a simple Coulomb binding model), and
using the measured value of 3.66&0.18 eV for the
phosphorus diffusion, 4' we estimated the silicon self-
diffusion energy to be 3.94&0.33 eV. Similarly, with the

4~ C. S. Fuller and J. A. Ditzenberger, J. Appl. Phys. 27, 544
(1956).
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measured diffusion activation energies" for As of 3.52
&0.17 eV and for Sb of 3.91+0.19 eV, and the same
Coulomb value for the binding energy, we obtain 3.80
&0.32 and 4.19&0.34 eV, respectively, also consistent
with this estimate.

Recently, however, several authors have measured
silicon self-diffusion directly by radioactive tracer
methods and obtain 5.13+0.07,4r 4.75," and 4.7 eV"
for the activation energy. Other recent less direct esti-
mates of 4.84&0.86 "4.2," and 4.5+0.4 eV" also in-
dicate a higher value than our estimate. The reason for
this discrepancy is not clear. One possibility is that we
have underestimated the binding energy substantially
(although a 1 eV error is dificult to justify). A more
likely possibility, we believe, is that either (or both) of
the measured high-temperature group-V atom or silicon
diBusion is not via the vacancy mechanism at all, mak-
ing our analysis inappropriate. Evidence for this is par-
ticularly strong in the case of self-diffusion, where un-
usually large pre-exponential factors (Ds 10') were
found. Ghoshtagore" and Peart4' have interpreted this
to indicate that the high-temperature silicon self-
diBusion may be via a divacancy mechanism. Seeger
and Swanson, " on the other hand, argue for an "ex-
tended" interstitial mechanism. In any event, there does
appear to be a possible inconsistency with the single-
vacancy mechanism and further work will be necessary
before this question is resolved.

If the group-V atom di6usion is still via a mono-
vacancy mechanism (the pre-exponential factors are
somewhat more reasonable, being of the order of 10),
then our previous analysis continues to have signi6-
cance. The self-diffusion that we estimated would cor-
respond to the monovacancy

contribute

oe to 'self-
di8usion, and the corresponding estimate of the vacancy
formation energy,

8'= 3.6&0.5 eV,

e..'=
Q.s'=
e"'=
Q-'=
Q.s'=

Q.~'=

(—1, 2, —1,

(—1, —1, 2,

(2, —1, —1,

(—1, 2, —1,

(—1, —1, 2,

(2, —1, —1,

—1, 2, —1)a/6v2,
—1, —1, 2)a/6v2,

2, —1, —1)a/642,

1, 2, 1)a/6v2,

1, —1, 2)a/6v2,
—2, —1, 1)a/6V2, etc

where a is the lattice constant of silicon (5.431 A).

A. (110) Stress

For compressional stress P along the [0111axis (Fig.
5), the strains can be expressed in terms of the elastic
moduli, giving

Q, s' ——Qs,
' ——(Sll Srs—S44)Pa/642

= —2Q-'= —2Q». '= —2Q.~'= —2Qw',

Q~g =Qg~ = (Sr], Srs+$44)Pa/6&2
= —2Q, '= —2Q '= —2Q„'= —2Q,'.

With
N;; exp( —V,Q; /kT)

and
Ns, /Ns~= exp( —T /T),
N, g/N, s

—exp( T~/T)—, —

APPENDIX

The defect-labeling scheme of the text serves as a con-
venient labeling scheme for the Q, (a') normal modes.
Q;; is thus the normal e vibrational mode that stabilizes
the ij defect. (Since the erst letter denotes the group-V
atom, it is the motion of the three remaining atoms in
their common plane that is involved. The second letter
denotes the atom which moves symmetrically away
from the other two. Shown in Figs. 1 and 13 is Q, s.)
Referring to the axes of Fig. 5, the relevant normal
modes can be expressed in terms of the six strain com-
ponents (e„,e»,.e«, e„„e„,e») by

would still be valid. However, again, because of the
uncertainty involved as to the diffusion mechanisms
involved, this estimate must also be considered corre-
spondingly uncertain.

we obtain
&T.= V, (S&r Srs $44)Pa/4V2, — —
kTp V8(Sgr Srs+S——44)Pa/4v—2.
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B. (100) Stress

For compressional stress along the L100j axis of Fig.
5, the corresponding result is

e. '=Q.'=e..'=e..'=-(s -s,)~./3~2
2eca = 2ecs = —2es~ = —2esg

= -2Q..'= -2Q.,'= -2Q„'= -2Q„,'.

Ns. /Nss = exp( —T„/T)
as defined in I, we obtain

/sT„= —V,(S rSrrs)Ea/2v2.

For both types of stresses, the formulas are identical
with those of I if

V,= —&2M/a.


