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An EPR spectrum, labeled Si-G29, is identified as a lattice vacancy trapped by substitutional tin. The
resulting tin-vacancy pair is observed in its neutral ground state with S = 1. Studies versus wavelength of
illumination indicate that it has a donor level at ~ E,+ 0.35 eV. Analysis of the EPR spectrum leads to a
model in which the tin atom resides in a position halfway between two normal silicon atom sites (Ds,). It is

stable to ~ 500 K.

I. INTRODUCTION

Previous studies have demonstrated that lattice
vacancies in silicon are mobile at temperatures
well below room temperature.'® When produced
by radiation damage at cryogenic temperatures
(4.2 and 20.4 K), isolated vacancies can be frozen
and studied.'® Upon warming (~70 K in n-type
material; ~150 K in p-type material) the vacancies
are observed to migrate through the lattice and are
trapped by impurities and other defects to form
more stable defect configurations. The configura-
tions that have been identified include vacancies
trapped by substitutional impurities (phosphorus,*
arsenic,® antimony,® boron,® aluminum?), intersti-
tial impurities (oxygen,®® chromium'®), and other
vacancies to form divacancies.''!

Vacancies can also be trapped by the isoelec-
tronic impurity germanium. The resulting defect
has been observed directly by electron paramag-
netic resonance (EPR).!? Its presence has also
been inferred from the inhibiting effect of german-
ium on the formation of the oxygen-vacancy pair®®
which can be monitored by its local-mode vibra-
tional absorption in the infrared (12 um).° The
germanium-vacancy binding energy is small, the
defect breaking up at ~200 K.'2''* The consequent
rerelease of vacancies has been observed as a
growth in the 12-um band as the vacancies in turn
are trapped by oxygen.™

Brelot has reported similar effects in infrared
studies of tin-doped silicon.'*'** Here, however,
the 12-um oxygen-vacancy band did not grow in
until annealing to ~470 K. From this he inferred
that tin-vacancy pairing also occurred and that the
resulting defect was stable to ~470 K. Matsui et
al.'® have also recently reported evidence of tin-
defect pairing from Mb&ssbauer studies of ''°Sn™ in
neutron-irradiated silicon. In their work, isomer
shifts and a quadrupole splitting revealed the pres-
ence of a defect next to the tin that anneals in the
same temperature region as that observed by

Brelot. Two different configurations seemed to be
indicated from their work, which they concluded
to result from different charge states for the tin-
vacancy pair.

In this paper we report the direct observation of
the tin-vacancy pair by EPR. Annealing studies are
described which confirm its stability. We thus con-
firm the interpretation of Brelot. In this paper we
also describe the microscopic structure of the tin-
vacancy pair, as deduced from its EPR spectrum.
There are a number of unusual and interesting
features.

II. EXPERIMENTAL PROCEDURE

EPR studies were performed at ~20 GHz and
observed primarily at 20.4 and 4.2 K in disper-
sion. Two sets of samples were used, one doped
with phosphorus (~10*/cm®) and one doped with
boron (~10'%cm?®). Both were grown by the inert
gas floating-zone method and were doped with
~3X10'¥cm? Sn by passing a final molten zone con-
taining ~2X10*%Ycm?® Sn through the sample.'” Irra-
diations were performed iz situ at 20.4 K and also
at room temperature with 1.5-MeV electrons from
a resonant transformer accelerator.

Light was introduced to the sample via a hollow,
gold-plated stainless-steel tube from outside the
cryostat. The wavelength of light was controlled
either by selective filters or by a §-m Jarrell-Ash
grating monochromator (295 lines/mm) with globar
or tungsten source. Annealing studies were per-
formed in a silicone oil bath.

III. EXPERIMENTAL RESULTS

A. General

Irradiation of tin-doped floating zone p-type sil-
icon (Sn, ~3x10'%¥cm?®; B, ~10'Ycm?®) at 20.4 K
with 1.5-MeV electrons produces the EPR spectra
of isolated vacancies' and interstitial boron.'®* Also
present is a weak S =1 spectrum which we label
Si-G29. Upon annealing at ~180 K the vacancy
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spectrum disappears and the Si-G29 spectrum
grows correspondingly. This is illustrated in Fig.
1. The Si-G29 spectrum continues to increase
somewhat versus anneal until it disappears at
~500 K.

In lightly irradiated p-type silicon where the
Fermi level is still locked to the shallow acceptor
boron (~E,+0.05 eV), the Si-G29 spectrum is seen
only when the sample is illuminated with light.
The dependence of the initial generation rate of
the spectrum on the wavelength of the incident
light is shown in Fig. 2. A threshold is indicated
at A~ 3.6 um, or kv ~0.35 eV. Identifying the pro-
cess as reflecting a hole transition from the de-
fect to the valence band suggests a corresponding
electrical level position for the defect at ~E, +0.35
eV, as shown.

The Si-G29 spectrum can also be produced in a
room-temperature irradiation. Although accurate
dosimetry was not performed, the production rate
in a room-temperature irradiation appears to be a
factor of 2 lower than that for 20.4 K irradiation
and subsequent annealing to 300 K for the p-type
material.

The Si-G29 spectrum is also observed in room-
temperature irradiation of lightly doped n-type
floating zone material (~10" P/cm?), similarly
doped with tin (~3X10'¥cm?®). In this material the
Si-G29 spectrum is present in the dark, and is not
enhanced by light.

B. Spectrum

The Si-G29 spectrum at 4.2 K is shown in Fig.
3, for H| (110). (The negative deflection for the
low-field line is not due to level inversion effects,
which have been reported for some photoexcited
S=1 systems.”'°"?° Here it results simply be-
cause the energy level separation for this partic-
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FIG. 1. Intensity of the Si~-G29 spectrum vs 15-min
isochronal anneal. The sample was p~type (boron,
~10'% em™3; tin, ~10'8 cm™) and was irradiated at
20.4 K with 10!7 electrons/cm? at 1.5 MeV.
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FIG. 2. Initial generation rate per unit energy of illum-
ination of the Si~-G29 spectrum in p~type material vs
wavelength. The onset of generation at 3.5 um identifies
a level at ~E, +0.35 eV, as shown.

ular transition decreases with increasing field, a
consequence of the large fine-structure splitting
associated with the spectrum.) The angular de-
pendence of the lines is shown in Fig. 4. They
range beyond the maximum field (14.5 kQG) avail -
able from our magnet. (The small splitting of the
lines at H in the [100] direction is due to a slight
misalignment of the crystal, <2°.)

The spectrum can be described by the spin
Hamiltonian

5= g8 B -H+D[S? - 1S(S+1)]
+3 (8- A, - (uy/1)H]- T, (1)
i

with S=1. The results of a computer fit for g and
D are given in Fig. 5. The spectrum is axially
symmetric with the axis of symmetry (z’) along a
(111) axis of the crystal. The axes indicated in the
figure are for one of the four equivalent defect ori-
entations in the lattice. (The angular variation of
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FIG. 3. Si-G29 spectrum at 20.4 K, H|(110), »,=20
GHz.
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FI(_}; 4. Angular dependence of the Si-G29 spectrum
with T in the [0T1] plane. Here, 0 is the angle between
fi and the defect axis &’).

the spectrum in Fig. 4 appears different from the
usual S=1 pattern in trigonal symmetry when |D|
<hy,” Here |D|>hv,, and, as a result, fewer tran-
sitions are observed; some lines cannot be follow-
ed at all orientations of ﬁ, etc. The analysis is
straightforward, however, and we have identified
some of the transitions in Fig. 4.)

Hyperfine interactions with the nuclear isotopes
178n (I=%, 7.8% abundant), !Sn (I=3, 8.7%) and
2981 (I=%, 4.7%) give rise to resolved satellites to
the strong lines that can be seen in Figs. 3 and 6.
The relative intensities of the satellites reveal that
the interaction is with a single tin atom and with
six silicon atoms which are equivalent in pairs.
The principal values and axes for the hyperfine
interactions, deduced from the angular dependence
of the satellites, are also included in Fig. 5.

The sign of D was determined from the temper-
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FIG. 6. M=0—-1 transition at T'=4.2 K, 3 =20.2
GHz, with H parallel to the (111) axis of symmetry
(6=0°, Fig. 4). Hyperfine satellites are indicated for
28i and !'7:119gn,
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ature dependence of the relative intensities of the
EPR transitions at 4.2 and 1.5 K. (The 6=90°,
M=0=+1 transitions decreased in intensity at 1.5
K relative to the §=0°, M=0= -1 transition, see
Fig. 4. This reflects the Boltzmann population
differences between the energy levels leading to a
positive value for D.) The sign of the tin hyper-
fine interaction was determined directly from the
positions of forbidden Am =1 hyperfine multiplets
observed with H [ (100). In this analysis the elec-
tronic wave functions were first determined by
computer analysis. These were then used to solve
for the nuclear part of the Hamiltonian, the last
term in Eq. (1). A similar analysis has been de-
scribed in Ref. 7.

The signs for the 2°Si hyperfine interactions
could not be determined.

C. Isotope shifts in D

The '"Sn and ''°Sn hyperfine multiplets are ap-
proximately superposed on the low-field side of
Fig. 6 but are well resolved on the high-field side.
This reveals that the centers of gravity for the two
are different. We interpret this as a slight shift
in D due to the differing isotopes of tin. Careful
analysis, including small second-order correc-
tions in A/gugH, give 6D/D=+1.0X10"* per unit
mass change of the tin atom. The *°Si satellites
are also shifted with respect to the central line
revealing 6D/D = - 0.67X 107 per unit mass for
each silicon neighbor.

Fractional shifts in D of this order have been
previously reported for Cr®* in MgO,?' and Fe3*
in calcite.?® There the resulting shifts in the line
positions were s0.1 G and difficult to detect. In
the Si-G29 spectrum they are more evident be-
cause of the larger value of D and also because
the lines remain narrow, a property of the high
crystalline perfection of silicon. It must still be
considered remarkable that such effects, which
have been reported in only two other cases, should
be so evident for an atom as heavy as tin.

We have previously reported these results® and
we will not discuss them in detail here. In this
previous communication we pointed out also that
the shape and breadth of the central line is ad-
equately described by the isotope shifts of the many
nonmagnetic isotopes of tin (112-124). We pos-
tulated that the shifts were vibrational in origin
and showed that the low -temperature values were
consistent with the zero-point vibrational ampli-
tudes associated with a vibrational frequency for
the tin atom of ~50 cm™', a reasonable value.

D. Effects of stress

Uniaxial stress of 1700 kg/cm? was applied to a
(110) axis of the crystal at 185 C for 15 min and

then the sample was cooled to room temperature
with stress on. The stress was then removed and
the sample placed in the EPR cavity for observa-
tion at 20.4 K. A preferential alignment of the de-
fects was found to have been frozen in, as measur-
ed by the relative intensities of the corresponding
spectral lines. The defects whose (111) axes were
perpendicular to the stress directions were de-
creased in intensity; the defects whose (111) axes
were 35.3° from the (110) stress direction were
increased. The results are shown in Fig. 7 along
with the disappearance of the alignment versus 15-
min isochronal anneals.

IV. DISCUSSION
A. Model

The 1:1 growth of the Si-G29 spectrum as the
vacancy spectrum disappears leads us to conclude
that it is to be identified as a tin-vacancy pair. A
model consistent with the EPR results is shown in
Fig. 8. Here the tin atom is located halfway be-
tween two normal silicon-atom sites. In this posi-
tion it is equidistant from six silicon atoms (a, «’,
b, b’, d, d) which form a distorted octahedron
around the tin atom. In this position the six atoms
are equivalent by pairs (unprimed and primed in-
version pairs) explaining the corresponding equiv-
alence in the silicon hyperfine interactions.

In Fig. 9 we present a simple ligand-field molec -
ular-orbital model for the defect. Here the central
tin atom 5s, 5p, and 5d orbitals interact with the
ligand orbitals, which are made up as linear com-
binations of a single dangling orbital from each of
the six silicon neighbors. We show (a) the orbitals
in octahedral (0,) symmetry; (b) in {111) distorted
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FIG. 7. A 15-min isochronal annealing study of the
stress-induced alignment of the defect (z’) axis. Align-
ment was initially achieved by applying 1700 kg/cm?
stress at 185 °C and cooling to room temperature with
stress on.
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FIG. 8. Model for the tin-vacancy pair. The tin atom
is halfway between two normal silicon-atom sites,
equidistant from the six silicon atoms labeled a, a’, b,
b, d, d’.

octahedral (D,,) symmetry; and (c) the result of
overlap and admixture. We note that viewed this
way the defect can be considered a tin atom in the
center of a “divacancy,” the separated ligand or-
bitals in D,; corresponding to those previously
treated for the divacancy. '

Filling the orbitals with ten electrons corre-
sponds to the neutral state for the defect. The

last two electrons in the e, orbital have their spins

parallel leading to an orbitally nondegenerate S=1
(3A2g) ground state and, therefore, no Jahn-Teller
distortion.

In this model the filled electronic orbitals derive

primarily from the “divacancy” ligand orbitals of

the six silicon neighbors, which have been “stabi-

lized” by the presence of the tin atom. They have
partial tin character via their admixtures [5S in
ay, 5P, in ay,, 5py,, ine,, and 5d (e,) in e,).

B. Hyperfine interactions

Following the procedure used in the study of pre-
vious centers,*'® we may analyze the hyperfine in-

teractions, in terms of one-electron wave func-
tions, which are linear combinations of atomic
orbitals centered on the atoms near the defect.
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FIG. 9. Simple molecular-orbital model for the
defect: (a) The central tin atom and ligand orbitals in
octahedral O, symmetry; (b) The corresponding orbi-
tals in the distorted octahedral symmetry (Dy,) of the
defect; (c) The molecular orbitals resulting from over-
lap and mixture of the ligand and central tin-atom
orbitals,

Using estimates of ¢~%),, and [$2(0)[,, previously
estimated for silicon,” we deduce that each of the
six silicon atoms accounts for ~12% of the total
wave function, and on each the wave function is
~16% 3s and ~84% 3p. Therefore, ~72% of the wave
function is accounted for on these atoms.

The magnetic moments of the tin isotopes are
negative. The observed positive hyperfine inter -
action implies, therefore, a negative spin density
at the nucleus, which in turn implies an indirect
interaction (configuration interaction,?® exchange
polarization,?® etc.). With [2(0)| = 116(10%*) for the
5s orbital,?” the isotropic part of the tin hyperfine
interaction could be produced by ~1% 5s character.
For an inner shell the amount required would be
significantly less.

We conclude, therefore, that most of the wave
function is on the six silicon neighbors with a rel-
atively small admixture of e, (5d) tin orbitals.

C.gand D

Spin-orbit interaction with the 5d orbitals on the
tin atom should produce a negative component to
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the g shift, the excitations from the e, (5d) orbit-
als being to higher -energy one-electron f,, orbit-
als, as seen in Fig. 9. The observed g shifts, how-
ever, are positive, which would appear to rule out
a dominant contribution from these excitations.
This is consistent with our hyperfine aﬁalysis
which indicated only a small percentage of the

wave function on the tin.

On the other hand, positive g shifts of the ob-
served magnitude can be accounted for in terms of
spin-orbit interactions on the silicon neighbors.

In particular, we have previously shown® that the
g shift associated with an electron in a single dan-
gling silicon bond is ~Ag{~0, Ag’~+0.01-0.02,
where “parallel” and “perpendicular” refer to the
dangling bond axis. Ignoring overlap between the
dangling bonds and interactions between the elec -
trons, these one-electron contributions averaged
over the six silicon neighbors predict g shifts of
the correct magnitude with Ag, >Ag,, as observed.
(This analysis? predicts Ag,/Ag, =&, overestima-
ting Ag,. The model must be considered, there-
fore, considerably oversimplified. It is possible,
for instance, that small negative g-shift compo-
nents from the 5d excitations on the tin could re-
duce both Ag, and Ag, so that Ag,~0, as ob-
served.)

The fine -structure term D is almost two orders
of magnitude larger than can be accounted for by
dipole-dipole interactions averaged over the wave
function on the silicon neighbors. (A typical value
for a divacancy is ~0.01 cm~%28) In a previous
study on a similar S =1 center, the aluminum-
vacancy pair,” we showed that large values of D,
such as observed here, can arise through spin-
orbit interaction. There we found that the rela-
tionship

Dy;=-3)\Agy; (2)

derived by Pryce® for an ion in Russell-Saunders
coupling (spin-orbit interaction among states de-
rived from the same atomic term, i.e., same L
and S) predicted the correct magnitude for D.

Applying the same arguments to the tin-vacancy
pair with g, —g,=+0.0072 and A= -0.02 eV (the
magnitude is that for atomic silicon; the sign
comes from the fact that the g shifts are positive),
we obtain

D=D,-D, ~-0.6cm™,

Here, again, the magnitude is correct. However,
the sign is wrong. (In our previous study on the
aluminum-vacancy pair, the sign of D could not be
determined experimentally because the S=1 state
was an excited state. It is possible, therefore,
that the predicted sign in that case was also in
error.)

The use of Eq. (2), of course, cannot be easily
justified for such a center. This is a diffuse many-
center molecular wave function and there are many
atomic and molecular excited states available that
do not fit into the simple Russell-Saunders scheme
used to derive (2). In particular, there are apt to
be low-lying singlet states (the 'A,, and 'E, made
up from the same e configuration) which can be
coupled to the ground ®A,, state via spin-orbit in-
teraction. Although matrix elements to these
states are apt to be weak, their proximity in ener-
gy could make their contributions significant.
These could contribute either sign to D but simple
arguments suggest that the dominant coupling is
apt to arise between %A, (M=0) and 'A ,(M=0) which
provides a positive sign for D.

We conclude that spin-orbit interaction probably
provides the origin of D but that a detailed treat-
ment would be very difficult.

D. Stress alignment

The energy of a defect in an applied strain field
can be written
E=Y Bje,, (3)
1

i,d
where ¢;; are the strain tensor components and B;;

are the components of a symmetric second-rank
“piezospectroscopic’®® tensor B. Kaplyanskii®® has
shown that for a center of trigonal (111) symmetry,
B has the form

-B+B, 0 0
B= 0 -B+B, 0 , (4)
0 0 +2B+ B,

where the 3-axis is the 2z’ trigonal axis of the de-
fect. We equate the stress-induced alignment

n/n, =exp[~ (E,~E,)/#T], (5)

where E| and E | are given by (3) for each defect
orientation and T is the temperature of the equili-
brium alignment.

For stress o(0T1) along the [0T1] direction, Egs.
(3) and (4) lead to

- EH "E.L
~S,0(011)° (6)

where S,, is the shear elastic modulus of silicon
(=12.56x107" ¢m?/dyn).?! With n,/%n, = 1.25 and
T=170°C (Fig. 7), we obtain

B=+4.1eV/(unit strain).

The positive sign means that the energy of the
defect is lowered if compressed along its (111) tri-
gonal axis. This is reasonable in terms of the
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model of Fig. 8 in that the resulting distortion in-
creases the overlap of the tin orbitals with those
on the six silicon neighbors and makes the sym-
metry closer to octahedral. (This is of the oppo-
site sign from that observed for the photo-excited
S=1 state of the aluminum-vacancy pair.” There
it was postulated that the coupling was dominated
by a Jahn-Teller distortion in its 'E ground state.
The ground state for the tin-vacancy pair is *4,,
and no Jahn-Teller distortions occur.)

Thermally activated reorientation occurs at
~160°C. As noted for other impurity-vacancy
pairs, reorientation of the defect requires that
the vacancy make two diffusioned jumps away from
the impurity and then return.*->” The activation
energy for reorientation thus includes a term aris-
ing from the difference in the binding energy be-
tween the defect in its ground configuration and
with the vacancy separated to the next-next near-
est position. This binding for the tin-vacancy pair
is, therefore, greater than for the group-V-va-
cancy pairs (reorient at *'®* ~20-85 °C) but less than
the aluminum-vacancy pair (~250°C)?. The anneal-
ing of the defect at ~225 °C is also intermediate be-
tween that for the other centers.

V. SUMMARY AND CONCLUSIONS

Substitutional tin is an effective trap for lattice
vacancies. The tin-vacancy pair which results ap-
pears to produce a single-donor level at ~F,+0.35
eV (Fig. 2). Spin resonance in the single-positive-
charge state was not observed. In the neutral state
the ground state is a triplet (S=1) and the EPR has
been reported in this paper. The defect is stable
to ~500 K.

The configuration is one in which the tin atom
resides in the D, position halfway between two
normal silicon-atom sites. Although many va-
cancy-impurity centers have been studied previ-
ously, this is the first center observed with this
configuration. We presume that this is because tin
is a large, heavy atom, its valence orbitals over-
lapping significantly all of the six silicon neighbors
in this position. In addition, the low-lying 5d or -
bitals provide additional angular-momentum states
around the central tin atom that allow a bonding
role for all ten electrons in the distorted octahe -
dral complex. (In terms of hybridized-bonding
concepts,® the sp®d? orbitals can form six octahe-
drally directed bonding orbitals on the central
atom.)

This configuration is similar to one considered
by Masters®® for the isolated vacancy. He argued
that one of the four neighbor silicon atoms might
move into the D,; site halfway between two atom
sites and form what he called a “semivacancy
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pair.” His arguments also included the possible
role of 3s(3p)%(3d)? hybridization on the central sil-
icon atom. Our results for tin illustrate that his
concepts were valid ones. However, silicon is
apparently too small, as is germanium, the EPR
studies of the isolated lattice vacancy and the ger-
manium-vacancy pair indicating the atoms to be in
the normal lattice sites.

We can consider the large tin atom as moving
into this position because it can successfully bond
with all six of the silicon neighbors. As such, it
is attempting to “heal” all of the ruptured bonds
associated with a lattice vacancy.

Unfortunately, it does not completely heal the
vacancy because there remains an electrical level
at ~E,+0.35 eV. From a technological standpoint,
it would have been valuable if the healing had been
complete. This points up the possibility that a
heavier isoelectronic impurity such as lead might
serve this purpose. This prospect should be ex-
plored.

Another interesting property of the center is that
its ground state is a triplet S=1 state (*A,). A
number of S=1 EPR centers have previously been
observed in irradiated silicon. These include ex-
cited states of centers derived from single va-
cancies (oxygen-vacancy?® and aluminum-vacancy’
pairs) and ground states of centers believed to be
associated with more diffuse multiple-vacancy
centers.?®'3* The tin-vacancy pair is the first
center derived from the single vacancy which is
observed to have its ground state S=1.

For single-vacancy centers, we have previously
argued that Jahn-Teller effects tend to be strong
and override the electron-electron interactions
which might otherwise favor the higher multiplic -~
ity states.53%:3® The tin-vacancy pair represents
a departure from this rule. In particular, if two
electrons had gone into a single e, orbital, and
paired off (see Fig. 9) forming a 'E, state, then a
Jahn-Teller distortion could have occurred. Ap-
parently, however, the potential Jahn-Teller en-
ergy gain from the 'E, state is not sufficient to
override the initial °A,, -'E, energy difference. The
reason for this difference in behavior is not clear.
It is possible that the tin atom plays an important
direct role, but the low spin density of the e, orbit-
als on the tin make this unlikely. Perhaps the prin-
cipal role of the tin in the center is to force the e,
wave function over the six silicon atoms and make
it more diffuse.

The presence of a small concentration of tin-va-
cancy pairs before annealing (Fig. 1) indicates that
some migration of vacancies is taking place during
the 20.4 K irradiation. This has previously been
noted for germanium-vacancy pairing and for oxy-
gen-vacancy pairing.® Recent studies with 1.06-
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gm laser illumination at 20.4 K have confirmed
that migration of vacancies can be produced at this
temperature by ionization.® Presumably the ion-
ization accompanying the electron irradiation
causes the migration.

Finally, our observation that two charge states
exist for the tin-vacancy pair is consistent with the
conclusion of Matsui e/ al.'® from M&ssbauer stud-
ies. Hopefully, the detailed model that we have

presented in this paper for the neutral charge state
of the defect will prove helpful in sorting out the
quadrupole splittings and isotope shifts observed
by these workers.
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