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Characterization of the 1117-meV and 1052-meV optical transitions in heat-treated Si
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Four conAicting models have been proposed for the origin of the 0~ and 0' photoluminescence tran-
sitions that are observed near 1117and 1052 meV in heat-treated, oxygen-rich silicon. To distinguish be-
tween them we have investigated the e8'ects on the optical transitions of magnetic and stress perturba-
tions. %'e show that both the O~ and the 0~ lines are produced by recombination of excitons bound to
isoelectronic centers of rhombic I (C2, ) symmetry. The excitons have an electron derived from a pair of
conduction-band minima and a hole in an orbital singlet state. The electronic states and the symmetry
are reminescent of the thermal donors in silicon, supporting the suggestion that the 0' and 0' centers
may have evolved from them. There is clear evidence that both centers may trap one or two excitons,
accounting for most of the luminescence structure, but the specific origin of one exciton-related weak
line at both O~ and 0' remains uncertain.

I. INTRODUCTION

Many crystalline defects are generated in Czochralski-
grown (oxygen-rich) silicon when it is heated between 450
and 500 'C. It is well known that during this annealing
the oxygen atoms become mobile and aggregate. One im-
portant group of defects which is created is the electrical-
ly active thermal-donor complexes, whose microscopic
structure is still uncertain. ' Other chemical reactions are
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FIG. 1. Photoluminescence spectra measured at 4.2 K show-

ing the growth of the Oj and O~ systems with increasing an-

nealing time at 450 C of an initially p-type, oxygen-rich,
carbon-lean Cz sample. (a) Untreated. (b} 48 h. (c}96 h. (d} 120
h. (e) 240 h. (f) 480 h. The spectra have been normalized to the
same maximum peak height and for clarity are displaced verti-
cally. B and TD label the decay of an exciton bound to a neu-
tral boron acceptor or a thermal donor, respectively, with the
emission of one transverse-optic wave-vector-conserving pho-
non. P is the zero-phonon line of a carbon-oxygen complex.

also triggered by the aggregation. Each pair of 0 atoms
which aggregate releases one self-interstitial. The self-
interstitial may combine with a substitutional carbon
atom to produce a split-interstitial carbon atom which in
turn may aggregate with another impurity. Some of
these processes are illustrated by Fig. 1, which shows the
evolution of the luminescence spectrum of boron-doped,
oxygen-rich silicon after heating at 450' for various times.
The figure shows the loss, in the first tens of hours, of
luminescence (labeled 8) from the boron acceptors, as the
boron is displaced from the substitutional sites. The
growth and then destruction of luminescence (labeled
TD) ascribed to thermal donors occurs during the first
100 h, and within this time the I' line, which is probably
produced by a carbon interstitial trapped at a pair of oxy-
gen atoms, is also produced and then destroyed.

This paper is concerned with the two defect systems
which produce the multiple zero-phonon lines near 1117
meV (labeled OJ on Fig. 1) and 1052 meV (OJ, Fig. 1).
The lines are shown in more detail in Fig. 2. To avoid
confusion from the different labeling systems adopted by
different workers, the nomenclature of Thewalt et al.
and Steele, Thewalt, and Watkins will be used
throughout this paper. The OJ and OJ systems are pro-
duced after annealing for a few hundred hours at these
temperatures, and are then destroyed at longer times.
To date, four different physical processes have been pro-
posed to describe the origin of these systems. Weber and
Queisser' interpreted the OJ lines as being due to transi-
tions between free holes and electrons bound to different
thermal donors, on the basis of the asymmetric line
shapes (which can be seen in Fig. 2). In further support
of the model they also noted that the transition energies
were consistent with the known ionization energies of
several neutral thermal donors. The 0 system, observed
as a single line, was ascribed by them to a zone-center
optical-phonon replica of the strongest OJ line; however,
we note immediately that the different intensity ratios of
Oj and OJ in Figs. 1(d) —1(f) show that they occur at
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different defects. Later, Weber et al. "suggested that the
main transition, 0, could be a recombination of a free
hole with an electron at a "new" oxygen precipitate,
while retaining the free-hole to thermal-donor interpreta-
tion for the other lines.

Dornen and Hangleiter' observed that luminescence
from the 0' line has a significantly shorter decay time
than that from 0', establishing that 0' is not a phonon
replica of O'. They also showed that the intensities of all
the lines decay nonexponentially with time. They sug-
gested that the 0~ lines were due to donor-acceptor pair
recombinations involving neutral thermal donors and bo-
ron acceptors, and that the O~ lines were donor-acceptor
pair spectra involving singly ionized thermal donors and
boron acceptors.

An entirely different model was proposed by Thewalt
et al. They reported luminescence excitation measure-
ments, which established that the asymmetric line shapes
were caused by inhomogeneous broadening of the transi-
tions. Comparison with the earlier work of nomen and
Hangleiter' implies that the luminescence from the high-
ly perturbed centers producing the long tail of the 0' line
has a shorter lifetime than from the less-perturbed
centers; the variation would cause nonexponential decays
of the luminescence, and will be referred to again in Sec.
V. Thewalt et al. interpreted the main 0' line, with its
long radiative lifetime of up to 85 ps at 1.6 K, as the de-
cay of an exciton bound to an isoelectronic center. The
much faster decaying 0 and 0 transitions (initial life-
tirnes, immediately after excitation, of 33 and 8 ns at 4.2

Photon energy (rneV)

FIG. 2. Photolurninescence spectra of the 0' system, ob-
tained with the sample in a bath at (a) —1.8 K and (b) 4.2 K, us-

ing a laser excitation of 200 mW which produces some heating.
The sample had been annealed at 450 C for 120 h. The intensi-

ty of the O~ line increases relative to that of the O~ line with
decreasing temperature. (c) The O~ system recorded at 4.2 K
with 200-mW laser excitation using a sample which had been
annealed for 480 h. In normal conditions there is no detectable
0& line, but it can be induced by a magnetic-field perturbation.
Note that the energy scale of (c) is double that of (a) and (b).

K) were assigned to the decay of the third and fourth ex-
citons bound at the same center. The second bound mul-
tiexciton line was thought to lie beneath 0', since the
spectral region also has a component which decays rapid-
ly. A very similar interpretation was given to the origin
of the 0 lines. Thewalt et al. observed that energy
could be transferred from an exciton bound to a neutral P
donor to the OJ center; intercenter transfer could be
another source of nonexponential decays. They also re-
ported a series of excited states of the 0~ center, lying be-
tween 12 and 30 meV above the 0' excited state.

Recently, Liesert, Gregorkiewicz, and Ammerlaan
suggested that the 0~ and 0~ lines are caused by the de-
cay of an exciton bound to a thermal donor, with the
internal excitation of an electron at the donor (a two-
electron transition).

Further experimental data are required to distinguish
between these different models. In this paper we report
the effects of perturbations on the optical spectra. We
show in Sec. III that magnetic fields perturb the 0' and
0 lines and induce nearby transitions in a way con-
sistent with an exciton being bound to an isoelectronic
center, with the hole being the relatively tightly bound
particle. In Secs. IV and V we show that uniaxial stresses
perturb primarily the electron component of the excitons,
and we establish that the electron is a conduction-band-
like particle derived from a pair of conduction-band mini-
ma. The symmetry of both the 0~ and 0~ defects is
shown to be rhombic I. The electronic structure, the de-
fect symmetries, and the production of the defects sug-
gest that they are the evolution products of the thermal
donors after further annealing. The changes in the spec-
tra under increasing excitation and stress indicate that
the 0 and 0 lines are produced by the decay of a
second exciton bound to the complexes. Our data thus
support the proposal by Thewalt et al. that the OJ and
0 features occur at isoelectronic centers, which are pro-
duced from the thermal donors. The paper begins by
describing the experimental techniques used here.

II. EXPERIMENTAL DETAILS

The material used in the investigation was carbon-lean
p-type Czochralski (CZ) Si, -30—50 Oem. The samples
were etched in 10%%uo HF in HNO3 and RCA cleaned be-
fore all heat treatments. They were annealed at 450'C in
a fIowing Ar atmosphere for various times up to 480 h in
RCA-cleaned quartz tube. Uniaxial stress measurements
were made at 4.2 K, with the samples immersed in liquid
helium. The stress measurements were carried out on x-
ray-oriented 12X4X2-mm samples with the long axis in
a (001), (111),or (110) direction. Polarization studies
were carried out with the laser excitation normal to the
back 12 X 4-mm plane, and the photoluminescence
detected normal to the front 12X4-mm plane. To reduce
the loss of polarization in the signal by reAection and re-
fraction, the corners of the samples were painted with
colloidal graphite. The Zeeman experiments were carried
out with a magnetic field up to 6 T, applied in turn along
the three principal crystallographic directions in an Ox-
ford instruments drip feed cryostat fitted with a
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Helmholtz pair of superconducting coils. The lumines-
cence was excited by 514.5-nm Ar+ laser, and the spectra
were recorded either using a Nicolet 60SX or a Bomem
DA8 Fourier-transform spectrometer fitted with liquid-
N2-cooled North Coast germanium diode detectors.

III. MAGNETIC-FIELD PERTURBATION STUDIES

The effects on the OJ and OJ systems have been mea-
sured for magnetic fields up to 5.5 T applied along the
(001 ), ( 111), and ( 110) crystal axes. For both systems
the Oz, 0, and 0 lines are not perturbed within the
resolution available, which is limited to 0.6 meV by the
inhomogeneous line broadening. However, the 0„' line
splits into two observable components with relative inten-
sities which follow a Boltzmann relationship character-
ized by an energy equal to the observed splittings (Fig. 3).
The splitting is the same for all directions of the magnetic
field, and has the magnitude shown in Fig. 4(a). Very
similar data are obtained for the 0 system. The Oz line
has a negligible intensity at zero field but is induced by a
magnetic field along any direction. Again, two com-
ponents are resolved with energies which are almost iso-
tropic in the magnetic fields [Fig. 4(b)].

The data are very similar to those of the well-known
singlet-triplet lines formed by some bound excitons in
which a hole is trapped at an isoelectronic center and its
orbital angular momentum is quenched by the axial local
symmetry of the defect. ' The remaining angular
momentum of the exciton is the sum of the spins of the
hole and the electron, giving a lower-energy (spin one)
triplet state and a higher (spin zero) singlet state, typical-
ly split by an energy of the order of a meV. For those
systems where the hole's angular momentum is strongly
quenched, the triplet splits isotropically in a magnetic
field, with energy changes
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FIG. 4. (a) Variation of the 0& and 0& line energies with in-
creasing magnetic field applied along the (110) direction. (b)
Variation of the 0& and 0& line energies with increasing mag-
netic field. There is no variation of the energy of the 0~ line up
to 5 T. The datum points marked by the circles, squares, and tri-
angles show the split 0~ lines for the magnetic-field directions
(001), ( 111),and ( 110), respectively. The lines are calculated
using Eq. (3.1) with g =2 and m, =0 and —1.

aE=gI, am, (3.1)

where m, =0,+1. The lines drawn on Fig. 4 show the ex-
pected energy shifts for m, =0 and —1, assuming the
pure spin value of g =2. The component with m, =+1
would be masked by the 0~ transition.

The almost isotropic signals do not give any symmetry
information about the defects, but do suggest that the
hole is bound in an axial field so as to quench its orbital
angular momentum.

IV. UNIAXIAL STRESS PERTURBATION STUDIES
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FIG. 3. (a) The 0 system recorded at 2 K using 200-mW
laser excitation in a zero magnetic field. In (b) a field of 5.5 T
has been applied along (001). Oi'i, 0', and 0 are not per-
turbed, but 0& splits into two observable components which are
Gagged by the vertical lines. They are shown more clearly in (c),
where an increased laser power of 400 mW has been used to
raise the temperature slightly.

A. O~ system

Figure 5 shows representative spectra for the O~ lines
under (001), (111), and (110) compressions. In all
stress directions the 0', 0, and 0 lines move rigidly to-
gether, as shown by the energy plot in Fig. 6, and as is
especially clear in the (001) spectra of Fig. 5(a). Since
the strains do not couple directly to the spins of the parti-
cles, the near orthogonality of the spin singlet and triplet
states forbids mixing of 0„'into 0~ under stress, in con-
trast to the effects of magnetic perturbations.

Under (110) stress the spectra recorded with electric
vector E parallel to the stress S are independent of the
direction of propagation of the luminescence, while the
spectra recorded with E perpendicular to S do vary with
the direction of E [Figs. 5(c) and 5(d)]. These are the
characteristics of an electric-dipole transition. '

It is useful first to take an approximate overview of the
data of Fig. 5. Under (001) stress the transitions split
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FIG. 5. The e6'ects of uniaxial stresses on the OJ lines at 4.2
K under (a) 103-MPa (001) stress, (b) 312-MPa ( ill } stress,
and (c) 155-MPa [110] stress for the [110] viewing direction,
and (d) 153-MPa [110] stress for the [001] viewing direction.
The spectra have been recorded with the electric vector E paral-
lel and perpendicular to the stress axis S.
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FIG. 6. Stress dependence, measured at 4.2 K, of the energies
of the OJ lines under (a) (001}, (b) (

ill�),

and (c) (110}
compressions. The open circles, triangles, and squares show the
stress-split components derived, respectively, from the 0', 0,
and 0" lines. The solid lines are least-squares fits of the theoret-
ical expressions (Table I) to the data for the components derived
from O~. Under (001) stress the higher-energy components
disappear at about 300 MPa. The stress dependence of the
lowest-energy free-exciton state is shown by the broken line. In
the fit using the tetragonal symmetry, the (001 ) fit is exactly as
shown. For ( 111}stress only one line would be observed at the
mean of the two shown, and for (110} s'tress the two high-
energy components would be observed as one line at their mean.

hE = A is„+A ~(s„„+s) . (4.1)

A close fit to the linear shift of each stress-split com-
ponent results when 3& ——80 and A2-36 meV/Gpa,
as described in the caption to Fig. 6.

The purpose of this approximate treatment is that it al-
lows us to identify most of the stress response as deriving
from an electron which is weakly bound on the center so
that it maintains properties like those of an electron in
the conduction-band minima. Silicon has conduction-
band minima located near the ( 001 ) Brillouin-zone
boundaries. Under [001] compression the [001] minima
are lowered and the [100] and [010] minima are raised in
energy, with a splitting of 92.5 meV/CiPa. ' For com-
parison, the linear splitting of the OJ lines is measured to
be —100 meV/GPa from Fig. 6(a). Similarly under
(111) compression there is no splitting of the (001)-
oriented conduction-band minima, and the O lines are
not appreciably split.

%'e now refine the fit to include the minor splittings.
Under [110] stress two higher-energy components are
seen predominantly with E~~[001]. This splitting is pre-
dicted if the symmetry of the center is slightly lower than
D2d (tetragonal class), and is C2„(rhombic I class). ' The

into two components, with one almost completely polar-
ized with E parallel to S and one polarized perpendicular
to S. Ignoring the small splittings in (111) stress, only
one component is observed with equal intensities in the
E~~S and ELS polarizations. Under [110] stress the split-
ting patterns are approximated by one transition seen
with equal intensities when K~~[110] and E~~[110], and a
second transition seen with E~~[001]. In this approxima-
tion the transition is exactly as is expected for the easily
visualized case of an electric-dipole transition between
nondegenerate orbitals at a tetragonal ((001)-oriented,
point group D2d} center with the dipole oriented along
the main axis. ' (Exactly the same results can be obtained
for a transition between a nondegenerate and a triply de-
generate state at a tetrahedral center, ' but this case will
be ruled out in Sec. V.}

The energies of the stress-split components (Fig. 6) all
curve to lower energy, as expected if the excited state in-
teracts with the higher-lying states which are known
from luminescence-excitation spectroscopy. Because the
higher states are not accessible by low-temperature
luminescence spectroscopy, we have little information on
the interaction, and the nonlinearity will not be discussed
here. This efFectively limits the discussion to low stresses,
where there is negli. gible interaction between states. To
determine the linear part of the shift rates, a least-squares
fit of a quadratic has been made to the measured energy
of each stress-split component.

A nondegenerate orbital state at a tetragonal center is
perturbed by the components of the stress tensor corn-
ponents s;, which are totally symmetric in the D2d point
group. These are, for the center which is oriented along
[001], s„and (s +s ), in terms of the crystal's cubic
axes x, y, and z. The linear part of the change in energy
of the optical transition can then be expressed in terms of
two parameters A

&
and A z.'
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C2„point group has the C2 axis parallel to a (001 ) direc-
tion just as for the D2d center. The polarization selection
rules require the electric dipole of the transition to be
along the C2 axis (Table I), as expected, of course, from
the tetragonal approximation. Small deviations in the po-
larizations between the theory and experiment are prob-
ably inaccuracies in the complete polarization of the
data, and are ignored. For the center oriented with
C2~~ [001],the perturbation of the transition is given by'

(a) ~001)

P
Q)

V

2

E
C4

hE= A, s„+A2(s „+s)+2A3s (4.2)

This equation is precisely that for the tetragonal center,
Eq. (4.1), but with the additional term A3, which can
therefore be regarded, qualitatively, as measuring the de-
viation from tetragonal symmetry. The least-squares fit
to the linear parts of the energy shifts yields the calculat-
ed shifts shown by the lines on Fig. 6, with

A
&

= —81 meV/GPa, A2 =36 meV/GPa,
(4.3)

23=+8.5 meV/Gpa .
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FIG. 7. The effects of uniaxial stresses on the 0' lines at 4.2
K under (a) 103-MPa (001) stress, (b) 312-MPa (111) stress,
and (c) 1550-MPa [110] stress for the [110] viewing direction,
and (d) 153-MPa [110] stress for the [001] viewing direction.
The spectra have been recorded with the electric vector E paral-
lel and perpendicular to the stress axis S.

The mean error between the experimental values E and
the fit f is ~E f ~

=2.8 me—V/GPA, compared to a mean
of the ~E~ of 32 meV/GPa. The sign of A3 cannot be
determined for this type of transition.

To summarize, the uniaxial stress data indicate that all
the splitting of the OJ lines comes from the loosely bound
electron, moving in an approximately tetragonal symme-
try, but which shows evidence for a small reduction to
rhombic I. The hole does not give an appreciable contri-
bution to the stress splitting.

B. OJ system

1075

1050,'
I

1025—

T 0~ ~ ~ ~ ~
TTTTT0

vv so~ ~ V T
~ ~ ~ ~

Figure 7 shows the effect of the uniaxial stress on the
OJ spectra. Figures 7(c) and 7(d) correspond to the two
viewing directions, [110] and [001], respectively, for a
[110]stress, and again establish the electric-dipole nature
of the transitions. All three OJ lines behave very similar-

TABLE I. Predicted relative intensities of the stress-split
components for an electric dipole parallel and perpendicular to
the C2 axis of a C2„rhombic I center. Polarization data are
shown for the electric vector E of the light relative to the stress
axis S in the form E~~S:Ej.S. For [110] stress, the polarizations
are shown for E(([110]:()[001]:~~[110].The shift rates of the
components are given in terms of the parameters A &, A2, and
A 3 defined in Eq. (4.2) .
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f1 C2 1C2 FICi. 8. Stress dependence, measured at 4.2 K, of the energies
of the 0' lines under (a) (001), (b)

(ill�),

and (c) (110)
compressions. The open circles, triangles, and squares show the

1 3stress-split components derived, respectively, from the 0, 0,
and 0 lines. The solid lines are least-squares fits of the theoret-
ical expressions (Table I) to the data for the components derived
from Os. Note that, in contrast to the 0' system, under (001)
stress the higher-energy components are stable to the highest
stresses.



10 928 L. JEYANATHAN, GORDON DAVIES, AND E. C. LIGHTOWLERS 52

ly with the stress.
The numbers of stress split components for each stress

axis and their intensities in the different polarizations es-
tablish the transitions as having their electric dipoles
oriented along a (110) axis of a Cz„rhombic I, center
(Table I and Ref. 14).

The energies of the stress-split components are shown
in Fig. 8 for stresses up to 600 MPa. Again, the lines are
the least-squares fits of quadratic curves to the stress-split
components derived from the highest-energy line O~ . As
for the O~ center, it is not profitable here to consider the
nonlinearity in the shift rates. The least-squares fit to the
linear parts of the shifts yields the lines on Fig. 8 with

A ', = —70 meV/GPa, A z =26 meV/GPa,

A ~
= —22 meV/GPa,

(4.4)

where the parameters are defined as in Eq. (4.2). The
mean deviation ~E f betwee—n the experimental values
E and the fit f is only1. 3 meV/GPa, compared to a mean
of the E~ of 28.2 meV/GPa, confirming the assignment
to a rhombic symmetry. The sign of A3 is stated to be
negative. This is valid if the optical transition is between
states of irreducible representations A

&
and B, at the Cz,

center, and the polarizations and shift rates in Table I are
correct for this assignment. The same experimental data
for the polarizations and shift rates would be obtained for
a transition between 3, and Bz states, but with
A3 = +22 meV/GPa and with the sign of A 3 changed in
Table I. These two types of transitions (which differ by
having their electric dipoles normal to the two different
refiection planes in the Cz„center) cannot be dis-
tinguished by experiment alone.

Again, the splitting under (001) stress of about 80
meV/GPa, with the shift rate of the upper component
3, about half that of the lower component Az, strongly
implies that the splitting arises from the conduction-band
splitting. ' In terms of the bound-exciton model these re-
sults again suggest that the electron has properties de-
rived from the conduction-band minima.

V. DISCUSSION

The eff'ects of magnetic fields have been shown to leave
most of the transitions in the OJ lines unperturbed (Sec.
III). However, the O~ line is split by the field, and, al-
though one component is probably masked, the energies
of the perturbed lines suggest that the Oz line is from a
triplet excited state formed by the spin pairing of the
electron and hole. The energy separation to the singlet
state (Oz) is 0.5 meV. This situation is typical of exci-
tons bound to isoelectronic psuedodonor centers in sil-
icon. The singlet-triplet energy separation is critically
dependent on the overlap of the wave functions of the
electron and hole, but typical values are 0.32 meV for the
shallow 1138-meV transitions of the B7& center, ' and 1

meV for the slightly deeper 1045-meV transitions at a
Li-related center. ' The similar value for the OJ lines in-
dicates that the electron and hole states have similar
overlaps, and so they are bound at one defect. This rules
out the suggestion that they are trapped on different de-

fects (as in the donor-acceptor pair model' ). The same
arguments apply to the OJ system, where the singlet-
triplet separation is -0.6 meV.

Further confirmation of the orthodox triplet/singlet
structure of the excited states comes from the relative in-
tensities of the Oz and Oz lines. The transitions from
the triplet and singlet states of excitons trapped at
isoelectronic centers have relative transition probabilities
I, /I, which are observed to follow a surprisingly uniform
trend over three orders of magnitude when expressed in
terms of the binding energy E of the exciton. (E is
defined as the energy difference between the free exciton,
1155 meV, and the zero-phonon line. ) The relationship
can be partly justified in terms of the combinations of the
valence-band maxima resulting from the low-symmetry
field of the defect. ' For a binding energy of 38 meV as
for the OJ lines, the ratio is expected to be 0.05, and for
the Oj lines (binding energy 103 meV) it is lowered to
0.01. It is difficult to measure a precise value for I, /I,
for the O~ and O~ systems, given the broad optical com-
ponents, but, allowing for the Boltzmann population in
the triplet/singlet states, the relative transition probabili-
ties are 0.06+0.02 for the OJ lines and less than -0.01
for O~, in reasonable agreement with the established
empirical trend for isoelectronic centers.

For both the OJ and O~ systems, the magnetic data
and the relative intensities at zero field are thus consistent
with the holes of the bound excitons being bound at
isoelectronic centers in a low symmetry which quenches
the orbital angular momentum. The isoelectronic prop-
erty excludes the possibility of a two-electron transition,
since this requires an extra electron in the ground state of
the transition.

We turn next to the uniaxial stress data, taking first the
O center. The effects of uniaxial stress derive primarily
from a loosely bound electron (Sec. IV A). One result is
that, despite the considerable stress response of the opti-
cal transition, there is no vibronic sideband: qualitative-
ly, the electronic orbital contains too many atoms for
there to be appreciable lattice relaxations caused by
changes in that orbital. This situation is common, for ex-
ample, when electrons are bound to shallow donors. In
Sec. IV, an approximate description was given for the
stress response of the O~ system in terms of tetragonal
symmetry, and it was noted that an alternative approxi-
mate description is as a tetrahedral center. It is useful to
demonstrate that the tetrahedral assignment is not valid,
so as to further confirm the low-symmetry nature of the
center. In the model of a weakly bound electron, the six
conduction-band minima would form 3„E,and Tz
states in Td symmetry. The A& state is not split by
stresses. Under (100) stress the E state splits at two-
thirds the rate of the conduction-band minima, and the
Tz state splits by an amount equal to the splitting of the
minima. ' In Td symmetry the Tz valley-orbit states
would have to be the lowest in energy, as happens at the
Li donor, so that stresses along (001) would produce
the observed splitting pattern. Thermalization between
the split Tz states is forbidden, at low stresses, since the
split Tz states correspond to the different conduction-
band minima. Consequently an electron cannot deexcite
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between these minima until their energy splitting is large
enough that the valley-orbit phonon of 18 meV can be
emitted: this effect produces the well-know hot and cold
excitons familiar from work on free excitons and some
bound-exciton systems. When the splitting exceeds 18
meV, the intensity of the luminescence from the hot exci-
ton decreases very rapidly. Localization effects (which
destroy the wave-vector selection rule) will lower the crit-
ical splitting required for loss of the high-energy com-
ponent. At the 0~ center, the high-energy component is
readily observable under (001) stress until its splitting
from the lower state is 30 meV (Fig. 6), considerably in
excess of the figure likely for T2 valley-orbit states.

The lack of thermalization is more readily explained by
the low symmetry. In this case we would require one of
the T2 orbitals to be lowered in energy relative to the
other two, as a result of a local strain along the (001)
axis of the (D2d or Cz„)defect. Under (001) stress we
then expect the stress-split components to have constant
intensities (assuming that the axis of the defect cannot be
reoriented by the stress, in which case a very rapid loss of
intensity is expected for the high-energy component).
The intensity data therefore favor a low symmetry. A
compressive stress derived from the main axis (say [001])
of the center and acting on the local lattice will lower two
(z and —z) of the conduction-band minima. The loss of
intensity in the high-energy component of 0 which
occurs at high stresses is probably caused by destabiliza-
tion of the hot exciton into the cold free-exciton states,
whose energy is shown by the broken line on Fig. 6(a).
This explanation of the loss of the high-energy com-
ponent is supported by the fact that, as shown below, the
0' transition involve very similar electron states to those
of 0' but does not lose luminescence when its splitting is
by over 50 meV; the excited state is too deep to cross the
conduction-band states with attainable stresses.

It is tempting to assign the nondegenerate orbital hole
state, required to form the singlet/triplet structure (Sec.
III) as another result of the local stress, since a large
compressive [001] stress pulls the p, state out of the
valence-band maxima. This simple description works for
some isoelectronic centers in silicon. " However, it is not
valid here, since a pure p, orbital would respond strongly
to [001] stresses (at the rate of 45 meV/GPa, from the
data of Ref. 16), and we have noted that the hole state is
not perturbed by stresses at the O~ center (Sec. IVA).
This lack of response is a surprising result, but is also
found at other centers in silicon (e.g. , the 789-meV transi-
tion at the C;-0; "C" center. ) While it is not under-
stood, the lack of hole splitting excludes those models for
the transitions which involve a free hole, ' '" since the
free hole responds strongly to uniaxial. stresses (e.g., with
a splitting of 45 meV/GPa under (001 ) stress' ).

At the more deeply bound OJ center the symmetry is
unambiguously rhombic I (Sec. IV B), and the splitting is
again primarily determined by the electron. Consequently
the parameters A

&
and A2 are similar to AI and A2 of

0J. The increased value of
~
A 3 ~

can be taken to indicate
an increased sensitivity to the rhombic I symmetry of the
defect. Since the coupling of the electrons to a shear
stress is zero, the nonzero value of A 3 is not determined

by the electron. The larger value at the OJ center sug-
gests that the hole is more localized that at OJ, consistent
with the deeper binding of the center.

The implication is that the energies of the OJ and OJ
excited states differ primarily in the greater binding of
the hole at OJ. However, a major difference in the two
centers is that the dipole moment is differently oriented,
being parallel to the C2, axis for 0 and perpendicular
for O~ (Sec. IV). This difference is not understood, and as
we noted for the 0~ center, the structure of the hole state
is not simply a combination of the valence-band maxima.

Of the four proposed models for the nature of the opti-
cal transitions, we have excluded all but the model of
multiexcitons bound to isoelectronic centers. In this
model only one line (0') would be observed at the O~

center with low excitation power, corresponding to the
decay of one exciton bound to the center. With increas-
ing power a second exciton may be bound before the first
has decayed. All the published work ' shows that the
0 line increases relative to 0' with increasing power,
while the intensity of 0 relative to 0~ is almost indepen-
dent of the power. Figure 9 confirms this observation for
the OJ lines, and demonstrates that under a (001) stress
both the high- and low-energy components behave in the
same way —the lifting of the degeneracy by the stress has
no effect on the multiexciton creation. A different way of
enhancing the 0 line is by increasing the (001) stress
under constant excitation power, until the high-energy
component decreases. We have suggested that this is
caused by destabilization of the higher-energy bound ex-
citons, making more excitons available for capture into
the lower-energy exciton states and increasing the intensi-
ty of 0 (Fig. 10).
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large stresses, as observed in Fig. 8, since the stresses do
not lift the spin degeneracy. The spin pairing of the holes
in the two-exciton state together with spin-paired elec-
trons will result in a total spin for the two-exciton state of
zero, and so a lack of magnetic perturbations, as observed
for the 0 and OJ lines (Sec. III). The same arguments
follow for the OJ center.

Finally we note that the structure of the electronic
state, derived from a pair of conduction-band minima,
and the rhombic I symmetry of the centers are the same
as for the thermal donors. In our work, as in Refs. 7
and 8, the OJ and OJ systems appear to grow as the
thermal donors are destroyed (Fig. I). It is possible that
they represent the neutral charge state of the next stage
in the evolution of the thermal donors, similar to the way
that the thermal donors themselves are a series of
different aggregates but all with the same symmetry and
electronic structure.

FIG. 10. Variation of the relative intensities of the 0' lines
with increasing (001) stress. The feature labeled TD is pro-
duced by recombination of excitons at the thermal donors with
the emission of one wave-vector-conserving phonon of 58 meV.
The spectra were all obtained with 200-mW laser excitation at
4.2 K using a sample which had been annealed for 120 h. The
increase in the low-energy component derived from 0 (ar-
rowed) is discussed in Sec. V.

The intensity data support the assignment of 0 to the
decay of a second bound exciton. Because the energy of
the 0 line is within 4 meV of that of 0', the binding of
both excitons is very similar, at about 38 meV, and we
have to assume that the excitons have very similar prop-
erties. Under stress each exciton will then be perturbed
identically. Since the 0 transition occurs between the
two-exciton state and the one-exciton state, the excited
state will be perturbed by twice the ground-state pertur-
bation. The optical transition will therefore be perturbed
at the same rate as the single exciton, as observed. Note
that the linewidth of 0 is less than that of 0' (Fig. 2).
This is consistent with the two-exciton description of 0
since the high-energy tail of 0 has a shorter lifetime
than the main peak (Sec. I), and multiexciton production
favors the longer-lived centers.

The intensity of 0 and its stress response are therefore
consistent with its originating in a two-exciton state. The
intensity behavior does not show strong evidence for 0
involving a multibound exciton, or for the growth of an
0 component under O'. We recall that in order to
quench the orbital angular momentum of the hole, it
must be bound to an axial defect, and its orbital state is
then nondegenerate. In terms of the shell model, an or-
bitally nondegenerate hole state can only contain two
holes, in a spin-paired nonparamagnetic state. A max-
imum of two bound excitons is then expected for a
sufficiently axial center. This number is not affected by

VI. SUMMARY

We have shown that the magnetic perturbations of the
0~ and OJ centers establish that each has a weakly al-
lowed transition which originates in a spin-triplet state,
confirming the suggestion by Thewalt et aI. that the
centers are isoelectronic with the lattice, and bind an ex-
citon to produce the 0' and 0' lines. The relative tran-
sition probabilities in the triplet and singlet components
of 0' and 0' further support this assignment. One im-
portant result from this conclusion is that the hole in the
exciton is bound in a nondegenerate orbital state by the
low-symmetry field at the defect, so that its orbital angu-
lar momentum is partially quenched. The efFects of uni-
axial stresses have been found to derive almost entirely
from the electron component of the exciton, at both
centers, and show that the electron is in a shallow,
conduction-band-like state. With increasing exciton den-
sity in the crystal, whether produced by increasing the
excitation power or by destabilizing some of the bound
excitons by stress, one other component in the OJ and 0~
centers increases in relative intensity, consistent with its
involving a two-exciton excited state as proposed in Ref.
7. In contrast to Ref. 7, we have data for only two bound
excitons, and this is expected to be the limit allowed by
the shell model at a strongly axial center.

The data presented here have explicitly excluded three
proposed models for the type of transitions occurring.
The remaining model, involving multibound excitons, is
confirmed, with strong evidence for two excitons being
bound at the center. The electronic structure of both
centers and their symmetry support the suggestion ' that
it has evolved from the thermal donors.
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