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ABSTRACT

Deep‘ Level Transient Spectroscopy (DLTS) under uniaxial
stress has been applied to the iron-boron impurity level at Ev +
iOO meV in silicon, and to both iron-aluminum levels in silicon
at Ev + 130 meV and Ev + 200 meV respectively. Although
splittings of the DLTS peaks were observed, large, anisotropic
shifts in the peak temperatures occurred. The thermal emission
of carriers to a stress-split valence band was used to fit the
energy of the defect under uniaxial compression. Although these
centers exhibit axial symmetry in electron paramagnetic resonance
(EPR), the stress anisotropy suggests that, at the elevated
temperatures of DOLTS, the defects reorient under applied stress.
The symmetry of these systems is consistent with that of a freely
(or only slightly hindered) reorienting electric dipole in a

tetrahedral-strain field.



I. [INTRODUCTION

Iron-boron pairs are the dominant defects present in Si:B following
iron diffusion and quenching. They constitute part of a larger class of
iron-acceptor pairs including FeAl, FeGa, and Feln. The pairing reaction
occurs only in p-type material in which the Fermi énergy lies in the lower
half of the band gap. For this position of the Fermi level, both the iron
and the acceptor are ionized with opposite charges. The resulting coulomb
attraction between the ionized donor and acceptor provides the mechanism
for the capture of the mobile dinterstitial iron by the substitutional
Group III element.

Iron-acceptor pairs in silicon were first detected by Ludwig and
wOodbury1 using electron paramagnetic resonance (EPR). The defects were
found to be highly anisotropic and to exhibit trigonal symmetry, except

for Feln which exhibited orthorhombic C symmetry (ordinarily called

2v
rhombic I). Recently, a rhombic I configuration has also been identified2
for FeAl using EPR. Detailed EPR studies of FeB pairs in silicon have
been carried out independently by Gehlhof and Segsa3 and van Kooten et

a].z

Gehlhof and Segsa considered a four-fold multiplet for their ground
state and included zero-field splitting to describe the anisotropy, while
van Kooten et al. considered only a spin doublet in their analysis and
included the anisotropy in their g-tensor. Both arrived at a strong
repulsive trigonal field for FeB. On physical grounds the trigoné] field
would be expected to be strongly repulsive because of the negative charge
of the boron. The previously accepted model for the iron-acceptor pair

(derived exclusively from the EPR data) places the iron in the tetrahedral

interstitial site adjacent to the substitutional site in the trigonal
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centers (2.43 R next nearest neighbor separation). In the rhombic I

center of FeAl the iron is assumed to be situated in the neit nearest

neighbor interstitial site (2.74 R next nearest neighbor separation).

0f course, the iron is likely to relax towards the substitutional site
because of the attractive coulomb field.

Iron-acceptor pairs in silicon have been studied extensively using

4,5,6 After iron diffusion in

Deep Level Transient Spectroscopy (DLTS).
silicon a level is observed at Ev + 0.44 eV. This level 1is assigned to
the isolated interstitial iron. An additional level is observed at Ev +
0.10 eV in Si:B after iron diffusion which has been ascribed to the FeB
pair. Two defect levels have been observed in Si:Al after iron diffusion,
FeAl(2) at Ev + 0.13 ev and FeAl(1) at Ev + 0.20 eV. These have
tentatively been identified, respectively, as the rhombic I and trigonal
FeAl configurations7 observed in EPR. A level associated with FeGa pairs
is found at Ev + 0.24 eV in Si:Ga.

As proposed by Ludwig and wOodbury1, the 4s electrons of interstitial
transition-metal elements in silicon are not required for bonding and are
transferred to the 3d shell. The iron interstitial energy level (Ev +
0.44 eV) is assigned to the first ionization stage of iron, Fe+/Fe°, or a
3d7—to—3d8 configuration transition. The iron-acceptor pair energy
levels, which 1ie between the interstitial level and the acceptor levels,
are considered to involve the second ionization stage of iron, Fe++/Fe+,
with the acceptor remaining ionized and thus negatively charged. This is

a 3d6-—to—3d7 electron configuration transition. The second ionization

8 but the

stage of iron is normally buried deep within the valence band,
presence of the negatively charged acceptor pushes the energy level up,

out of the valence band and into the bandgap by coulomb repu]siong.
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Chantre et. a1.7 have recently demonstrated that the FeAl(2) defect is
a metastable state of the FeAl(1) defect. The transformation between the
two configurations is controlled by charge state dependences of the total
energy. The activation energy for transformation is about 0.5 eV. They
further proposed a phenomenological model based solely on coulomb energy
which explains the energy difference between the trigonal and rhombic I
configurations of FeAl.

Iron-acceptor pairs have also been investigated with
photoluminescence. The luminescence from the isoelectronic trap observed
in Si:Feln has been shown to be consistent with a <100> orientation of

10

the constituent atoms, which 1is also the symmetry observed by EPR for

Feln pairs. An isoelectronic trap observed in Si:FeTl shows similar

1N

structure as the Feln trap, but stress and magnetic field perturbations

indicate that the FeTl related trap has <111> axial symmetry.]0 On the
other hand, the 1luminescence from the isoelectronic trap observed in
Si:FeB exhibits no axial symmetry under the application of .a magnetic

2

field.] This lack of orientational splitting of the no-phonon line,

13 Teads to the conclusion that the

along with other less direct evidence,
FeB related defect observed in photoluminescence is not the FeB pair
observed in EPR.

It is clear from the foreéoing review of the experimental observations
of iron-acceptor complexes in silicon that the defects can exhibit a large
variety of symmetries: trigonal, rhombic I, and possibly tetrahedral. We
chose to investigate the symmetry of the FeB and FeAl defects observed in
DLTS by applying uniaxial stress. Hydrostatic experiments have been
performed by Winstel et al.]4 on iron and iron-acceptor pairs using DLTS.

They obtain derivatives of the defect energies with respect to hydrostatic

pressure  of (-1 meV/GPa). Under hydrostatic compression the
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iron-acceptor pair energy moves towards the valence band. We applied
uniaxial stress to the FeB and FeAl(1) levels observed in DLTS which had
been identified as the trigonal defects observed in EPR, and to the
FeAl(2) defect which had been assignéd rhombic I symmetry. Analysis of
our data, together with all other previous results, leads us to the
conclusion that the iron-involved pairs behave as easily reorientable
dipoles, 1. e., as slightly hindered rotators in a tetrahedral
crystal-field environment.

In section II we describe the experimental details as well as the
stress data and analysis. Possible models of the defect symmetry are

discussed in section III and 1IV.

II. DATA AND ANALYSIS

A. Experimental details

Iron was diffused for two to four hours at 1000°C into 1 mm thick
oriented samples of boron or aluminum doped silicon, with .shallow
compensations in the range of 1 to 5 x 10]5 cm_3. The samples were
quenched in air, then annealed at 80° C for two hours. The gquench is
necessary to capture the iron as interstitials without precipitation, and
the subsequent B80°C annealing stage facilitates the movement of the iron
interstitials to speed up their capture by the substitutional boron. The
samples were polish-etched and allowed to oxidize before evaporation of
the contacts. We evaporated 300 R of gold onto one surface to form an

ohmic contact. The rectifying contact was formed by evaporating 1000 A&

of Al onto the opposite side. The evaporation was performed with minimal
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power in order to avoid heating of the contact. The aluminum was covered
by 300 A of gold to protect the aluminum from the indium electrical
contacts. Typical concentrations of the FeB and FeAl levels after
preparation ranged from 5x10'2 em™3 to 5x10'3 cm3.

The stress samples were cut from the prepared sample into T mm x 1 mm
x 6 mm parallelepipeds. The saw-damaged surface proved to be an excellent
electrical insulator and so was retained; however, the ends of the cut
samples were etched to remove the sharp edges. We attached 32-gauge
magnet wire to the samplés using pressed indium contacts. Samples were

2, or 1

mounted into a OLTS stress rig capable of achieving 100 kg per mm
GPa of uniaxial stress.

The stress data were taken with the time constant of the DLTS
correlator set to a fixed value, usually around 3 ms. Zero-stress data
were taken, then the stress was increased by intervals of about 0.1 GPa to
nearly 1 GPa. The zero-stress measurement was repeated afterwards to
check for  stress hysteresis. Data were always taken for increasing
temperature under 1/100 atm of helium exchange gas in order to equilibrate
the temperatures within the stress rig and remove any effects from thermal
hysteresis. A representative example of stress data for FeB is shown in
Fig. 1 for increasing stress along a <110> direction at constant emission
rate, and for both FeAl defects in Fig. 2 for <100> stress. Two features
are evident: first, there are no splittings of the DLTS peaks greater
than 3 meV/GPa; second, the peaks shift in temperature by roughly 15
K/GPa. The effect of stress on thermal emission to a split valence band
must be considered in order to explain the large observed shifts 1in

temperature of the DLTS peaks and to extract the shift in energies of the

defects.
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B. Emission Rate to a Stress-Split Valence Band
The four-fold degeneraté valence band in silicon splits under stress,
upsetting the emission fate analysis derived by detailed balance which
assumes an average density of states for the band edge. The band splits

into two distinct doub]ets]5

,_with different effective masses and hence
different density of states and thermal velocities. Under uniaxial
stress, «t, the thermal emission rate breaks into two competing
contributions: one contribution arising from thermal hole emission to the
light-hole band, and the‘other arising from thermal hole emission to the

heavy-hole band. The total thermal emission rate 1is the sum of the

independent rates

e(v) = ¢ T2 (o () m* (1) exp[~(Er(x) - E (x))/KT] (1)

+ oH(r) m*H(r) exp[-(ET(t) - EH(T))/kT] }

where H and L refer to the heavy-hole and the 1light-hole band
respectively, aL(r) and aH(T) are the capture cross sections, m*L(r) and
m*H(r) are the average effective masses, ET(r) is the trap energy, and
EL(r) and EH(r) are the band energies.

Because the independent emission rates add to give a single effective
emission rate, the capacitive transient consists of a single exponential
decay which produces a single DLTS peak. Similarly, formerly degenerate
defect 1levels (split by stress), whose occupancies are related by a
Boitzman factor broduce a single DLTS peak. The only condition for
producing multiple DLTS peaks from a split defect degeneracy requires that

the repopulation rate among the defect states must be much slower than
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both the thermal emission rate and the rate for a single scan over the
DLTS peak. However, if the repopulation rate is much slower than the
emission rate, but is still faster than the scan rate, then simple
reorientation occurs and there 1is again only a single DLTS peak
corresponding to the lowest energy configuration. Electronic repopulation
rates are always much faster than emission rates, therefore the splitting
of electronic degeneracy always produces a single DLTS peak. From these
considerations the splitting of DLTS peaks under stress is expected to be
relatively rare and to occur only for rigid, (i.e., non-reorienting)
anisotropic defects. |

A1l of the parameters in (1) can vary as a function of stress. The
analysis of the emission rate is facilitated by two factors: first, the
energy shifts of the valence band under stress are well known from exciton
spectroscopyls; and ﬁecond, the light-hole and heavy-hole effective masses
saturate above 0.4 GPa to constant values measured by cyclotron
resonance.]7 For these reasons, we only attempt to fif the data for
stresses greater than 0.4 GPa. The effect of. uniaxial stress on the
capture cross sections is not known accurately. Winstel et al.]4 observed
no measurable change 1in the capture cross section under hydrostatic
stress. We measured the capture cross section of FeAl(1) under both zero
stress and 0.6 GPa of uniaxial stress and saw no change in the capture
cross section within experimental error. The shift in the DLTS peak
temperature depends only 1ogarithmica11y on the capture cross section and
on the effective masses, while it depends linearly on the energies, so any
small change in these parameters should not introduce significant error
into the analysis. Therefore, the fitting procedure is expected to be

highly accurate, with the defect energy being the only adjustable
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parameter. The error in the energy determination arises predominantly

from errors in the applied stress.

C. Data

The FeB, FeAl(1), and FeAl(2) defects were stressed along the three
major crystallographic directions: <111>, <110>, and <100>. In Fig.
3, the shift in temperature of the FeB peak for constant emission rate is
plotted as a function of stress for these three directions. Points are
experimental data, while the solid 1line 1is the theoretical fit (for
stresses greater than 0.4 GPa) assuming the relevant energy splittings and
saturated effective masses of the valence band. The total energy shift of
the FeB level is adjusted to fit the data. The shifts in temperature of
FeAl1(1) are shown in Fig. 4, and the shifts of FeAl1(2) are shown in Fig. 5.

The results of this analysis are summarized in Fig. 6 and Fig. 7,
which display the energy shifts under 1 GPa of uniaxial stress. Energy is
plotted against stress direction. The origin of energy is taken at the
center of gravity of the top of the two valence bands. The zero stress
energies of the iron-acceptor pairs are also indicated. There>are two
contributions to the shift in temperature of the OLTS peak. The
predominant contribution stems from the splitting of the valence band.
'TheA rémaining contribution comes from the total energy shift of the
iron-acceptor pair, which can be broken into a hydrostatic component and a
shear component. The hydrostatic component is (-3.8 meV/GPa) for FeB, and
(-4.0 meV/GPa) for.FeA1(1)14. The hydrostatic contribution to FeAl(2) has
not yet been measured. When these values are subtracted from the total

energy shifts of the defects, the shear energy shifts remain. The FeB and
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FeAl(1) defects exhibit a stfong’shear anisotropy of (-2 meV/GPa) in the
- <111> direction, and nearly equal values of around (-10 meV/GPa) in the
<110> and <100> directions. Only the total electronic energy shifts are
shown for FeAl(2), since there are no data available on the hydrostatic
shift of thisvdefect, However, shear anisotropy is still evident, and is

qualitatively similar to the stress behavior of FeB and FeAl(1).
III. DISCUSSION

The two main features of the data are:
1.- For all cases only one signal is obtained. It should be emphasized
here that even. though excited states of a given defect do not produce a
second DLTS signal (as discussed in Section II), defects with different
crystal environments do produce different signals. Since only one signal
is clearly observed, all defects are equivalent, even under considerable
stress. The above arguments lead unquestionably to reorientation of the
centers under stress.
2.- The large shifts observed for <100> stresses immediately rule out
trigonal defects which give no shear contribution for stress in the <100>
directions. The shifts of a trigonal defect are shown in Fig. 8.

In fact, only two possible symmetries are compatible with all our
observations: a rhombic I type defect, or a tetrahedral defect with T2
symmetry. The energy splittings of a rhombic I defect are plotted in

Fig. 9 along with the stress data. The parameters A] - (1/3)E = 20

hydro
meV/GPa, A2 - (]/3)Ehydro = -10 meV/GPa and A3 = 3 meV/GPa fit the FeB
data18. In addition, all the rhombic I defects must reorient thermally

into the minimum-energy orientation to explain why no orientational
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splitting is observed. The energy splittings of a tetrahedral T, state

2
are plotted in Fig. 10 along with the stress data. The parameters B = 11
meV/GPa and C = 3 meV/GPa fit the FeB data'®.

Rhombic 1 symmetry is certainly a plausible symmetry for iron-acceptor
pairs because rhombic I centers have already been observed in EPR for one
of the FeAl defects and for Feln. However to assign rhombic symmetry to
FeB as well as FeAl(1) and FeAl(2) directly contradicts the results from
EPR. Furthermore, most rhombic I defects are strongly anisotropic and
would be substantially hindered from reorienting easily within the
crystal. A much more natural explanation considers the iron-acceptor
pairs as electric dipoles which are freely (or almost freely) rotating in
strain-free environments, but which experience a tetrahedral-strain field
when an outside stress is applied. This interpretation is still
consistent with the data from EPR from which trigonal and rhombic 1
symmetries are assigned to the defects. It is likely that local potential
minima exist in the <111> or <100> directions which have sufficient
strength to 1localize the iron in those minima. B8ut these minima are
sufficiently weak so that they do not strongly affect the gross effects of
stress on tﬁe electronic energies which originate from the dipole

character of the centers. In what follows we examine these possibilities.

A. Reorienting rhombic I defect

Because the FeB and FeAl defects are two-center defects, it may seem
at first improbable that the defeéts tould have full tetrahedral
symmetry. Therefore, the stress data could be explained by assuming that
the 1iron-acceptor pairs are reorienting, high multiplicity defects in

which all the centers align in the lowest energy orientation under applied



-12 -
uniaxial stress. The simplest model for the iron-acceptor system of
rhombic 1 symmetry consists of a substitutional acceptor and an iron
nested between a pair of bonds in the <100> directions. The iron could
“thermally reorient among the six pairs of bonds. The point group for this

configuration is C No effects concerning electronic degeneracy need be

2v°
considered; only orientational splitting followed by reorientation occurs.
There would be two deformation potentials for this defect: 2, and
EL, defined by
AEu = —1/3-au-(s1]-s12)-T,

IAELI = 1/2°EL°S T,

44°

where $11° $12 and S4q AT the compliance constants and T is the magnitude

4
of uniaxial stress. The first deformation potential is a measure of the
interaction energy between the iron and the Group IIIl element. This value
is Eu = 3.2 eV ¢+ 1 eV for the FeB defect. The positive value reflects
the fact that the potential 1is repulsive. The second deformation
potential is a measure of the interaction energy between the iron and the
pair of bonds between which it is situated in the <100> directions. This
value is IELI = 0.3 eV £ 0.3 ev. In a simple point-ion model, the first
deformation potential can be related directly to the electrostatic
potential energy of the electron in the field of the ijonized boron
(aluminum). It can be easily shown that au = ez/ed. where d is the
separation between the iron and the acceptor.

For the reasons mentioned above, namely that rhombic I symmetry is
unable to provide an explanation for the data reported from EPR and that
such anisotropic defects could not reorient easily, we feel that the

stress dependence of the iron-acceptor pairs cannot be explained in terms

of rhombic I symmetry. On the other hand, both the stress characteristics
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and the EPR results can be explained naturally if the pairs are considered

to be slightly hindered, rotating electric dipoles.

B. Electric Dipole in a Tetrahedral Environment.

To lowest order, the iron-acceptor pairs can be represented as simple
electric dipéles: the iron is positively charged, the boron (aluminum) is
negatively charged, and there is some small separation between them. The
dipole operator 1in the tetrahedral group Td transforms as the T2
representation of that group, which is a threefold-degenerate
representation. The functions (x,y,z) are a basis for the representation
and are also components of the dipole (or position) operator. Because all
components of the set have equal energy, any linear combination will have
the same energy. Therefore, a dipole in a tetrahedral field can orient in
any direction with the same total energy, with no potential barriers; the
dipole is a free rotator.

When a uniaxial stress field is applied to a dipole in a completely

isotropic medium, the dipole reorients to a minimum energy configuration

which is independent of stress orientation; the dipole exhibits an
isotropic energy shift. When uniaxial stress lowers the symmetry of a
tetrahedral environment, on the other hand, a dipole located at the
tetrahedral site must exhibit anisotropic energy shifts which depend on
the direction of the stress. Specifically, the total energy of the dipole
has an angular variation compatible with that of the T2 symmetry, shown in
Fig. 10. The iron-acceptor pairs reorient under applied stress into the
plane perpendicular to the stress direction. These perpendicular
orientations have the lowest total energy. Under uniaxial stress, the

distances parallel to the stress direction are compressed more than the
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distances perpendicular to the stress direction by a factor equal to
Poisson's ratio. The increase 1in total energy is therefore greater
parallel to the stress than perpendicular, and the defects reorient into
the lower-energy perpendicular configurations.

The energies observed by DLTS are electronic energies, not total
energies. The electron wave function in the iron d-shell must have an
axial symmetry relevant to the instantaneous orientation of the iron
within the crystal; in general it should be in an orbital singlet.
However the electronic energy does depend on the separation between the
jron and the substitutional acceptor, and any change in the separation
distance should be observed as a change in the DLTS activation energy. As
the total energy of the dipole is changed under application of uniaxial
stress, the iron-acceptor separation is altered as well as the orientation
of the dipole. Therefore the stress anisotropy of the dipole is reflected
in the electronic energy of the defect.

In fact the iron-acceptor pair is not a perfect dipole centered at a
tetrahedral site. The spatial extent of the pair, which mﬁst conserve its
Tz overall symmetry. causes the defect to experience higher hu1tipo]e
components of the potential which results in a hindered rotator. In
general terms, there should be a threshold energy below which the rotator
becomes a 1librator, and the tetrahedral symmetry is then lowered: the
isotropy of the system is destroyed. The potential energy must have
minima in certain directions, possibly in the <111> or <100> directions.
If these minima are shallow, the defect retains much of the stress

behavior characteristic of a tetrahedral T, state, and at the elevated

2
temperatures of DLTS the defect is still essentially free to reorient. At

the low temperatures used in EPR and PL, on the other hand, the iron may
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not have enough thermal energy to surmount the potential barriers, and the
defect may take on the lower symmetry. The weak crystal field can explain
the 1large variety of symmetries observed by different techniques at

different temperatures.

IV. TETRAHEDRAL T2 STATE WITH SHALLOW TRIGONAL MINIMA

The effect of a tetrahedral crystal field with trigonal or rhombic
minima on the stress behavior of a T2 state can be calculated and used to
estimate an upper bound to the strength of the hindering crystal field
consistent with the error bars on the stress data. We choose the example
of trigonal minima, since it corresponds with the most common
iron-acceptor configuration observed by EPR.

A dipole of T, symmetry will exhibit four equivalent minima in this

2
case. The 1librating dipole has A1 symmetry of the reduced20 group

C3v' There are four distinct such minima corresponding to orientations

(1111, [117], (1111, and [111]. The higher energy configurations of that
dipole, doubly-degenerate E representations of C3v. should have an energy
A above A], which 1is a measure of the hindering potential. The
Hamiltonians of the four minima for the three principal stress
orientations (111}, [(100] and ([110] are given in the Appendix. The
results for trigonal minima, with A& = 30 meV, B = 20 meV/GPa and C = 3
meV/GPa, and stress orientations along the directions [laa], [1a0], and
(11a], for 0 £ « £ 1, are shown in Fig. 11. There is considerable

orientational splitting between the four equivalent orientations. It

should be emphasized that Fig. 11 represents the worst possible fit to the



- 16 -
experimental data, compatible with the error bars. Stress data from FeB
are included for comparison.

The model, once again, is "acceptable" if reorientation of the defect
to its minimum energy configuration is assumed. For trigonal distortions
greater than 30 meV, observable differences would appear in the stress
behavior. Particularly the free-rotator stress shifts, with their
characteristic maxima for <100> stresses, should gradually change into
those of a fixed, trigonally oriented defect, with minimum (or zero)
shifts for <100> stresses. The two limiting behaviors are given by the
lowest-energy curves of Figures 8 and 10. Therefore, experiment proves
that the trigonal splitting of the iron-acceptor defects, if any, must be
smaller than about 30 meV in order tb reproduce the data. This value of
the splitting is consistent with our estimated upper bound of about 150
meV for the barrier to reorientation. It is important to note that a 30
meV trigonal splitting effectively localiies the iron 1in the <111>
directions and could provide the trigonal g-tensor observed in EPR. The
gross stress behavior, however, would reflect the essentially isotropic

origin of the defect.

V. CONCLUSIONS

We have applied uniaxial stress to the FeB, FeAl(1), and FeAl(2)
defects and observed considerable shifts but no splitting of the DLTS
peaks. All defects showed similar anisotropy in their energy shifts,

which are small for <111> stresses and large for <100> stresses.
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The lack of splitting in all casei, and the two-center character of
the impurity clearly indicates reorienting defects. Stress analysis, in
addition, points out to reorientation either to the six equivalent
positions of a rhombic I defect, or completely free reorientation to
directions determined by the stress. Because trigonal defects have been
identified in what we assume are stress-free EPR experiments on both FeAl
and FeB centers, it is unlikely that all the defects studied by us are
rhombic I. Rhombic I defects in addition tend to be rigid and hard to
reorient. We therefore reach the conclusion that all diron-acceptor
centers studied here (and possibly others) are in fact almost-free dipole
rotators in silicon.

Dipoles are triply degenerate in a tetrahedral field, transforming as

the T, representation of the tetrahedral group and should show stress

2
dependence compatible with it. In higher order, the real defects are
expected to show deviations from isotropic behavior. Energy minima must
occur in selected orientations, possibly in either the <111> or <100>
directions. The techniques of EPR and PL can resolve energy structure
several orders of magnitude smaller than the best DLTS energy resolution.
Therefore even relatively small barriers to reorientation of the iron
could effectively produce the axial structure observed by EPR and PL. The
technique of DOLTS, on the other hand, probes a much coarser energy
structure of the defect, which originates from the lowest-order dipole
nature of the center.

The application of stress in conjunction with EPR would be a critical
test of this hypothesis. Two scenarios are possible. If the potential

minima are small enough, then the stress field will overwhelm them and the

defect should reorient in aAdirection perpendicular to the applied stress,
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transforming the trigonal (or rhombic) defects into a single defect with
the symmetry of the strain field. Alternatively, if the potential minima
are substantially greater than the largest possible stress field, but if
the potential barriers to reorientation are comparable to the thermal
energy, then the defect observed in EPR should reorient, while retaining
its axial symmetfy. In either one of these scenarios only one EPR signal

should be observed.
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The matrices of the Hamiltonian for a T2 ground state split by a

trigonal field can be diagonalized by taking the following basis set which

is appropriate for the four equivalent <111> orientations:

[11i]

(1]
Ay (3)(Ty 4Ty 5+ Ty ) A (1//37)(72’] - T0 " Ta.q)
E: (1//2)(T, 4 - Ty ) E: (1//2‘)(1‘2.] + Ty )
(1//5)(T2,] + Ty 0= 2Ty ) (1//'6)(12'] =Ty 2+ 2T, )
[(W171] (i)
Ay (1//5)(-12'1 +Ty 0Ty ) Ay (1//3_)(-T2'] -T2+ Ty )
E: (WV2(-Ty 1 =T, ) E: (W/2)(-Ty 1 + T, )
(BT, § + Ty, = 2T, ) /BT, 1 =Ty, - 2T, )
where the T;_,’1 are the original tetrahedral T2 basis components
transforming 1ike (x,y,Z). The Hamiltonians, including the stress
perturbation become:
For [111] stress:
[(111] orientation
IEo - A - (2/3)C 0 0 |
| 0 Eo - (2/3)C 0 |
| 0

Eo + (4/3)C |
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(1171, [117], and [111] orientations

|E, = & - (2/3)C (4//3 3)C (-/2//3) (2/3)C |
| (4473 3)C E, - (2/9)C ~/Z (2/9)C |
| (-v/2//3) (2/3)C -2 (2/9)C E, - (4/9)C |

For [100] stress:

A1l defect orientations

| lE, - & +8/2 (/3/2)8 (/372)8 |
| (/372)8 E, - 8/2 8//7 |
| (/372)8 B//Z E, |

[110] stress:

[111] and [177] orientations

lE, - 8 +8/2-¢C 0 | 0 |
| 0 Eo - B/2 + C/3 B//2 + (/2/3)C |
| 0 B//2 + (V/2/3)C EO + (4/3)C |

(111] and [111] orientations

|E, -8 +B/2+C 0 0 [
| 0 E, - B/2 + C/3 B//Z + (V2/3)C |
| 0 B/V2 + (V2/3)C E, - (4/3)C |

where A 1s the trigonal field splitting, and B and C are constants

defined in Lannoo,18
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20The three-dimensional rotator T2 in tetrahedral symmetry reduces,

under C3v symmetry, to a doubly degenerate two-dimensional rotator E and a
non-degenerate librator A1. We take here the symmetry to be that of the
librator. Figure 11 includes only the behavior of the four different A]
levels under stress. The stress separation between the A] states of the

various orientations is always much smaller than the splitting A between

A1 and E.
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FIGURE CAPTIONS

DLTS spectrum of FeB in Si under <110> uniaxial compression. The
data were taken for a constant emission time constant =3 ms,
with the stress varying from zero to 0.76 GPa. The period of each

scan was approximately 3 minutes.

OLTS spectrum of FeAl in Si under <100> uniaxial compression.

Data were taken for a constant emission time constant <=3 ms.

Shift in the FeB peak temperature for constant emission rate as a
function of stress in the (a)<111>, (b)<110>, and (c)<100>
directions. The circles are experimental data: solid lines are

theoretical fits for the given parameters.

Shift in the FeAl(1) peak temperature for constant emission rate
as a function of stress 1in the (a)<111>, (b)<110>, and (c)<100>

directions.

Shift in the FeAl(2) peak temperature for constant emission rate
as a function of stress in the (a)<111>, (b)<110>, and (c)<100>

directions.

Summary of the energy shifts of FeB under 1 GPa for the three
major crystallographic difections. The origin of energy 1s.taken
at the center of the valence band. The shifts due to the
splitting of the valence band, the hydrostatic shift of the FeB
defect, and the shear enérgy shifts of the FeB defect are all

indicated.
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Fig. ¢

Fig.10

Fig.1
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Summary of the energy shifts of FeAl(1) and FeAl(2) under 1 GPa

for the three major crystallographic directions.

Energy shifts of four equivalent trigonal defects under 1 GPa

uniaxial stress as functions of stress direction.

Energy shifts of six equivalent rhombic I defects under 1 GPa

uniaxial stress as functions of stress direction.

Energy splittings and shifts of a 'Tz level under 1 GPa uniaxial

stress as functions of stress direction.

Energy shifts of four equivalent A] (CBJ components of a T2 (Qﬂ)
state with a 30 meV trigonal splitting. The four curves represent
the iron oriented in the four antibonding <111> directions. The
parameters are the worst possible fit to the experimental data,

compatible with the error bars.
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