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Sulfur-related metastable luminescence center in silicon
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Optical detection of magnetic resonance~ODMR! and photoluminescence~PL! studies are described for the
sulfur-related metastable defect in silicon first reported by Brown and Hall. It is established that its two
configurations,A andB, are of triclinic (C1) symmetry, and the incorporation of a single impurity atom with
nuclear spinI 53/2 is confirmed directly by resolving its hyperfine structure in each ODMR spectrum. Detailed
study of the conversion kinetics indicates the dominantA→B mechanism under below band-gap excitation to
be the result of direct optical excitation, not the result of exciton capture or the energy release accompanying
the luminescence. The barrier for thermally activatedB→A return is 0.1060.01 eV, with no evidence of an
intermediate configuration. Stress-induced splittings of the PL are satisfactorily analyzed as the sum of that for
a highly localized hole plus that for a shallow Coulombically bound effective-mass electron. A tentative model
is proposed involving a substitutional sulfur atom paired with an interstitial copper atom in two different
nearby configurations. The low symmetry results from the tendency of the Cu interstitial to go off-center from
the tetrahedral interstitial position.@S0163-1829~98!04636-0#
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I. INTRODUCTION

Strong photoluminescence~PL! at ;1.321.4 mm from
thermally quenched sulfur-doped crystalline silicon was fi
reported by Brown and Hall in 1986.1 The initial interest was
technological as it was found that the luminescence w
highly efficient at 77 K, and therefore could be of potent
use in low temperature optoelectronic devices. Subseque
however, the interest has turned to the physics of the de
responsible for the luminescence because of the disco
that it displaysmetastability, having two configurations in
the lattice, each of which can be separately observed in
luminescence.

The chronological development leading up to our pres
understanding of this interesting system is as follows: Bro
and Hall, in their first report,1 concluded that the emissio
from the sulfur-doped material was from an exciton stron
bound to an isoelectronic trap as evidenced by a long ra
tive lifetime and a high thermal deactivation energy
;140 meV. They suggested that sulfur was directly
volved in the defect~a fact that has later been confirmed
the report of a very similar but distinctly different lumine
cence system in Se-doped silicon2–4!. Beckettet al.5 subse-
quently identified zero phonon lines~ZPL! from two distinct
luminescence systems, labeledA andB, each of which dis-
played two transitions, one forbidden but dominant at l
temperatures~968.2 meV forA, 812.0 meV forB) and a
second higher-energy one~977.0 meV forA, 821.9 meV for
B), dominant at elevated temperatures (T.15 K). From far
infrared absorption spectroscopy of the photopopulated
cited state, they were able to show that the lowest exc
state for each was composed of a deeply bound hole an
electron Coulombically bound by 65.3 meV forA and 66.2
meV for B. Photoluminescence excitation spectrosco
~PLE! revealed several additional excited states. Of the
PRB 580163-1829/98/58~11!/7007~13!/$15.00
t

s
l
ly,
ct
ry

he

t
n

y
a-
f
-

x-
d
an

y
x-

cited states, three were tentatively interpreted as arising f
within the 1S(A1) electron effective-mass state and refle
ing thes51/2 electron andj 53/2 hole coupling scheme o
Dean and Herbert.6 Two additional higher-energy states we
suggested to arise from the 1S(E) and 1S(T2) states.

A subsequent study by Singhet al.7 supplied evidence
that theA andB systems arose from different configuratio
of the same defect,A being the stable configuration, andB a
metastable one that is produced by the optical excitation
cryogenic temperatures. They showed also by Zeeman s
ies that the lowest-energy excited state for each configura
is a spin triplet (S51) and that the next highest state~giving
rise to the dominant ZPL atT.15 K) is a spin singlet (S
50). This revealed that, contrary to the original interpre
tion of Beckettet al., the orbital angular momentum of th
deeply bound hole is quenched, giving for its51/2. The
origin of the additional excited states observed by Beck
et al. therefore remains presently unexplained. Henryet al.8

studied further the conversion between the two configu
tions, making a rough estimate of;0.16 eV for the thermal
activation barrier for theB to A return conversion, but, in
addition, concluding that a third configuration, not bei
seen in the luminescence, appeared to be required to inte
their results. Finally, a recent study of the photoexcitat
energy dependence for theA to B conversion led to the pro
posal that the dominant conversion mechanism was excit
Auger capture by the defect in an additional negat
charged state of itsA configuration.9

There have been several ODMR studies reported for
triplet excited luminescent states of the tw
configurations.10–13 No resolved hyperfine structure was o
served in these conventional ODMR studies, but in a z
magnetic field study it was concluded that hyperfine inter
tion with a nuclear spin ofI 53/2 could be detected, and th
presence of a copper atom in the complex was proposed12 It
7007 © 1998 The American Physical Society
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7008 PRB 58P. W. MASONet al.
was pointed out subsequently14 that the distinctive phonon
assisted structure observed on theA luminescence band i
remarkably similar to that of another known copper-rela
band in silicon~ZPL at 1.0145 eV!, supplying confirmation
of their conclusion. In these ODMR studies, the symmetry
the A configuration was concluded to beC1h ~monoclinic I ,
containing a$110% mirror symmetry plane!, but theB con-
figuration was concluded to beC1 ~triclinic!.

In the present paper, we describe PL and ODMR stud
to probe further the structure and symmetry of the def
configurations and the mechanisms for conversion betw
the two. We arrive at conclusions that differ in several i
portant respects from those cited above. In particular,
conclude that the symmetries of bothA andB configurations
are actuallyC1 ~triclinic!, which, as reported earlier in
preliminary report,14 we demonstrate unambiguously both
ODMR and a study of stress-induced splittings of the ze
phonon lines. Consistent with the conclusion of excito
conversion, we supply direct evidence that the dominant c
version mechanism cannot be associated with the en
dumped into the defect local vibrational modes associa
with the Stokes shift of the luminescence itself. However,
interpret our results to show that the dominantbelow-band-
gapexcitation mechanism is not excitonic capture, but rat
requires direct optical excitation of the defect. We provid
precision determination of the thermal barrier for theB to A
conversion and find no evidence of a third configuratio
Finally, we attempt a model to explain the stress depende
of the PL spectra.

II. EXPERIMENTAL PROCEDURE

Most of the samples studied were prepared by diffusion
sulfur at ;1050 °C into undoped high resistivity vacuum
floating zone silicon crystals in a sealed quartz ampoule
;1002500 h. The solubility of sulfur at this temperature
approximately 231015 cm23.15 The visible surface damag
was subsequently polished off and the samples etched
HF/HNO3. For one set of experiments, similar samples w
prepared fromp-type vacuum floating zone silicon (@B#
;1016 cm23). For another set of photoluminescence stu
ies, a sample produced by 200-keV ion implantation of s
fur, followed by a 30-min 1200 °C anneal was also used
all cases, to produce the luminescence, the samples
reheated to;700 °C for a few seconds and rapid
quenched into silicone oil or ethylene glycol.

The high resolution PL studies were carried out at Kin
College London. The conversion studies between the
configurations were performed using a custom-built dr
feed modification to an Oxford Instruments cryostat, w
temperature regulation to60.1 K using an Oxford Instru-
ments ITC-4 controller and a silicon diode sensor mounte
the sample holder. The actual sample tempera
(60.2 K) was measured by a calibrated Ge resistance t
mometer ~Lakeshore Cryogenics! mounted on the sampl
holder. The PL was excited using either the 514.5-nm line
an argon ion laser, the 1.064-mm or 1.319-mm line of a Nd
YAG laser, or by a Burleigh color center laser tunable in t
1.4721.73-mm range. The PL was dispersed using a 3/4
single monochromator~Spex 1701!, detected with a North
Coast EO817S liquid-nitrogen-cooled germanium detec
d
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and recovered using standard lock-in techniques. T
uniaxial stress studies were performed at 4.2 K, with
samples immersed in liquid helium, or at 16 K in an Oxfo
Instruments helium flow cryostat. The PL was excited by
514.5-nm line of an Ar1 laser and the spectra were record
using a Nicolet 60SX Fourier transform IR spectromet
with a North Coast EO817S cooled germanium detec
Stress was applied along the long axis of x-ray oriented
3432 mm3 samples, with long axes along^100&, ^111&, or
^110& directions. For the polarization studies, the samp
were excited normal to the back 1234-mm2 surface and the
PL was detected normal to the front 1234-mm2 surface.
Luminescence emitted via the corners and edges was sto
by painting them with colloidal graphite.

The ODMR studies were performed at Lehigh Univers
at pumped liquid helium temperatures~1.7 K! in an Oxford
Instruments SM-4 superconducting magnet optical cryos
The sample was mounted in a 35-GHz TE011 cavity allowing
for optical excitation and detection of the emitted light, a
could be rotated to measure the angular dependence o
ODMR spectrum. A Gunn oscillator provided microwav
power up to 70 mW, which was on-off modulated
;500 Hz. Above-band-gap excitation at;8002900 nm
from a Ti-sapphire laser was used, and the luminescence
detected by a North Coast EO817S detector, with subseq
lock-in detection at the microwave modulation frequenc
Similar to previously published results,16 we encountered a
strong nonresonant background signal with relatively fast
cay, presumably arising from cyclotron resonance of the f
carriers. It was eliminated using the method described
these authors of pulsing the excitation at twice the mic
wave modulation and lock-in detector frequency, and tim
the detector to turn on after each fast carrier decay and
before the next laser pulse. Low-resolution PL studies w
also performed in the ODMR cryostat using both Ti-sapph
and Nd YAG lasers for excitation.

III. CONVERSION STUDIES

Shown in Fig. 1 are typical photoluminescence spec
under high resolution at 4.2 K, where only transitions fro
the lower triplet state of each are observed, labeled3SA and
3SB , and at ;15 K, where transitions from the highe
lying-singlet state of each1SA and 1SB begin to dominate.
We will use this notation throughout this paper.~In earlier
papers, before the triplet and singlet character of the exc
states had been established, different, less meaningful la
ing schemes have been used.!

Initially, upon cooling in the dark, only theA lumines-
cence bands appear. Under the photoexcitation used fo
luminescence study, theB luminescence grows in and theA
decreases. Under the proper conditions, which we will
plore later in this section, almost complete conversion c
occur. Upon subsequent annealing in the dark at;40 K, the
reverseB→A conversion occurs. In what follows, we wi
explore each of the two conversion processes.

A. B˜A Conversion

These studies were performed on an ion-implan
sample, the luminescence measurements being perform
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PRB 58 7009SULFUR-RELATED METASTABLE LUMINESCENCE . . .
7 K using the 1.064-mm line of a Nd YAG laser as excita
tion. The samples were first converted to theB configuration
(;98% conversion after 5 min at 1-W excitation!. They
were then raised quickly to a fixed temperature, maintai
there for a fixed period of time, cooled quickly again to 7
and the intensity of3SA or 3SB was then recorded for 90
under 10-mW laser excitation, by tuning the monochroma
to the corresponding sharp zero phonon line~ZPL!. By ex-
trapolating the recorded intensity back to the start of
excitation, correction for anyA→B conversion occurring
during the monitoring was made. This procedure was
peated for both3SA and 3SB at several time intervals fo
each annealing temperature, and at several temperature

At each temperature, the recovery was found to follow
simple exponential time dependence characteristic of first
der kinetics, and in Fig. 2, we plot the experimentally det
mined time constants versus temperature.~The crosses resul
from PL measurements of the growth ofSA taken in situ at
the annealing temperature under weak excitation into the1SB
ZPL using the Burleigh color center laser. TheA→B con-
version was negligible under these excitation conditions
could be ignored; see the next section.! The results give an
activation barrier of 0.1060.01 eV. As evident in the figure
the time constants for the recovery as measured separ
for A or B are identical within the experimental accurac
We see here, therefore, no evidence of a third, intermed
configuration, as reported by Henryet al.8

FIG. 1. High resolution PL spectra taken at~a! 4.2 K, and~b! 15
K of S-doped silicon following a rapid thermal quench fro
;700 °C.
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With this additional information, we can summarize wh
is presently known concerning the electrical properties of
defect into a simple configurational coordinate~CC! dia-
gram, as shown in Fig. 3. Contained therein for each c
figuration are the ZPL luminescence energy, the level po
tion of the donor state above the valence band~the energy
required to ionize the hole from the neutral state!, and the

FIG. 2. Temperature dependence of theB→A recovery time
constant,t, monitored by the intensity of the3SA ~circles!, and 3SB

~squares! luminescence at 7 K. The crosses indicate data monito
at the indicated temperature throughSA while exciting into the1SB

ZPL.

FIG. 3. Configurational coordinate diagram showing the t
configurations of the S-related defect, their associated charge s
and level positions.
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7010 PRB 58P. W. MASONet al.
energy from the conduction band of the excited neutral s
~the energy required to ionize the electron into the cond
tion band!. In the ground neutral state, the barrier going fro
B to A is included, and the total energy ofA has been placed
lower than that ofB to account for its greater stability. Th
only thing not known is how much lowerA is thanB, except
that it must be*0.03 eV in order to account for the vanish
ing concentration ofB when cooled in the dark from;40 K
~where it can still establish equilibrium!. As drawn, theA
configuration is still the stable one in the positive ioniz
state. That has not as yet been established, and we wi
tempt to explore that question later in this section.

B. A˜B Conversion

In Fig. 1, we note that, in addition to the sharp ZPL
each has a broad phonon-assisted~Stokes! component to
lower energies, the component forSA being somewhat
greater, and extending to lower energies. This means th
the luminescence transition, energy is dumped into local
tice vibrations, which, from Fig. 1, could be for defectA as
much as;0.120.2 eV, but less forB.

Since the energy barrier for the thermally activatedB
→A return recovery is only 0.1 eV, one possible mechan
for theA→B conversion could be the luminescence itself.
this ‘‘recombination-enhanced’’ model, the local vibration
energy supplied by the Stokes transition would be suffici
to surmount the barrier, and the strongA→B preference
could reflect the greater energy release efficiency forA ver-
susB. We now test this attractively simple model.

We use the same setup as in theB→A conversion studies
of the previous section, exciting the ion-implanted sam
with the 1.064-mm Nd YAG laser line, partially defocused i
an attempt at homogeneity over the sample, and recor
the intensity versus time of the3SA or 3SB ZPL through a
monochromator. Before each run the sample was raise
;65 K for 5 min and cooled in the dark to start from th
same initial conditions. Shown in Fig. 4 is the conversi

FIG. 4. Growth of3SB luminescence under 1.064-mm excitation
at T57 K for two different excitation powers.
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monitored by the growth of3SB for two power levels. There
is a definite departure from pure exponential behavior,
we assume in our analysis not greater than can be accou
for by unavoidable inhomogeneity in the excitation. We ta
the initial slope of each run as the measure of the conver
rate. In Fig. 5, we show the combined results of monitori
the growth ofB and the decay ofA. Within accuracy, the
rate is linearly proportional to the excitation power ov
three decades. In addition, there is no significant differe
between the results forA or B, as shown, again arguin
against a third unseen intermediate configuration.

In Fig. 6, we show the intensity of the luminescence
monitored by the ZPL of each over the same range of e
tation power. ForB, the power dependence could be det
mined after first optically pumping all of theA centers to the
B configuration. ForA, the initial intensity was determined
for each run by extrapolating back to the start of the exc
tion, to compensate for conversion occurring during the r
Here, it is clear that the luminescence is sublinear even a
lowest power level and saturates strongly at the higher e
tation powers. Comparing this to the linear dependence
the conversion rate in Fig. 5, we can conclude immediat

FIG. 5. A→B conversion rate atT57 K vs power of
1.064-mm excitation, as monitored by the PL intensity of3SA

~circles! and 3SB ~squares!.

FIG. 6. PL intensity of3SA and 3SB vs 1.064-mm excitation
power.
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PRB 58 7011SULFUR-RELATED METASTABLE LUMINESCENCE . . .
that the luminescence itself does not provide a signific
contribution to theA→B conversion, and a different mecha
nism must be involved.

In fact, a linear power dependence for theA→B conver-
sion requires that the state from which the conversion p
cess originates be constant in concentration over the
range of the excitation. This rules out, for example,any
excitation-induced process from the excited state, becaus
its nonlinear occupancy dependence in Fig. 6. Instead,
are led, therefore, to the conclusion that the conversion
cess must be the result of excitation from a ground state
theA defect, whose relative concentration is not significan
changed even at the highest excitation levels. This, in tu
implies that the luminescence saturation of Fig. 6 does
result from significant depopulation of the ground state.

Confirmation of this is seen in Fig. 6 where the ZPL P
intensity of 3SB versus 1.319mm Nd YAG excitation
power is also presented. We note the very similar satura
behavior as for the 1.064-mm excitation but saturating at
lower PL intensity. This suggests strongly that it is not sa
ration of the defect excited state that is occurring, but rat
the limiting result of an indirect two-step excitation proce
of electrons and holes from unrelated deep level defect
the material. Luminescence will result from either sequen
capture of the electrons and holes or capture of excit
formed from them. Evidence for such processes was pr
ously noted by Beckettet al.,5 who first observed bothSA
andSB luminescence with excitation energies well below t
ZPL energies of either. As mentioned above, this is fu
consistent with the linear dependence upon 1.064-mm exci-
tation power, Fig. 6, which implies negligible depopulatio
of the appropriate defect ground state.

To probe this further, we have compared the convers
between above and below band-gap excitation on a diffu
sample, for which the sulfur concentration should be re
tively uniform throughout the bulk. These experiments we
performed at Lehigh in the ODMR cryostat, the lumine
cence of the two bands being separated by interference fi
~1250–1400 nm forSA , 1500–1800 nm forSB , with correc-
tion for the small overlap of theSA phonon-assisted tail into
the range monitored forSB), and recorded versus time. Fo
the below-band-gap 1.064-mm excitation~1.165 eV, below
the TA-assisted free exciton formation energy at 1.173 e!,
which penetrates the sample, the conversion is similar to
studies described above, with almost complete convers
For above-band-gap excitation~888 nm!, however, the con-
version is initially fast, but saturates quickly at only part
conversion, as shown in Fig. 7. Subsequent illuminat
from an unfiltered broad band xenon light source, with s
stantial below-band-gap contribution, completes the conv
sion, as shown.

These results further establish the independence of lu
nescence and conversion, but, in addition, present a st
argument that, for excitation below the phonon-assisted
exciton formation energy, directoptical excitationof the de-
fect provides the dominant mechanism for conversion. W
exciting above band gap, free carriers and excitons form
from them can diffuse beyond the optical penetration dep
producing the strong component of the observed lumin
cence that must come by their capture at defects farther
the bulk. But this capture is clearly highly ineffective in pr
t

-
ll

of
e

o-
of
y
n,
ot

n

-
r

in
l
s
i-

n
ed
-

e
-
rs

e
n.

l
n
-
r-

i-
ng
e

n
d

h,
s-
to

ducing the conversion. We do not challenge the interpre
tion of Chenet al.9 that the dominant mechanism could be
Auger process associated with exciton capture by an a
tional negative charge state of the defectA configuration for
excitations above the free exciton phonon-assisted forma
energy. Their results, as well as those of Thewalt a
Karasyuk17 clearly demonstrate the sharp onset of a grea
increased conversion rate at this energy.~There are differ-
ences between finer, but important, details in the results
interpretations of the two groups, a subject of curre
controversy,17–19 but the sharp onset upon free exciton fo
mation is found by both.! Our results indicate, however, tha
at least for excitation below this threshold, where the fr
exciton concentration is low, direct optical excitation b
comes the dominant mechanism. In the figure, normali
intensities of both the3SA and 3SB luminescence bands ar
plotted, as is their sum. Within accuracy, the sum rema
constant throughout the transformation, again supplying
evidence of an invisible intermediate configuration.

Although the saturation PL intensity in Fig. 6 fo
1.319-mm excitation is only a factor of;5 lower than that
for the 1.064-mm excitation, we detect negligibleA→B con-
version rate at this lower energy, i.e.,<2% of that at the
corresponding power for the 1.064-mm excitation. This sug-
gests that the optical transition involved in the conversion
to a localized state of the defect in the conduction band,
it is its rapidly falling tail extending into the below-band-ga
excitation energy region that is being excited. A similar e
fect has been reported for an optically induced reaction
the lattice vacancy in silicon, in that case, its migration20

The exact nature of the defect excited state cannot be d
mined, but such molecularlike states undoubtedly ex
within the d manifold of the copper atom, for example. A
alternative possibility is a high vibrational state of theB
configuration, which on the CC diagram of Fig. 3 would
the harmonic extension of the excitedB state curve past the
A-B barrier~resulting from the ‘‘anticrossing’’ with the cor-
responding harmonic extension of theA excited-state curve!
toward theA equilibrium coordinate, allowing a direct tran
sition to theB configuration.

FIG. 7. A andB concentrations vs time in a S-diffused samp
under 888-nm excitation at 4.2 K, as monitored by their normaliz
PL intensities. The last points result from broad band excitat
with a xenon arc lamp source.
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7012 PRB 58P. W. MASONet al.
C. Bistability or metastability?

As mentioned above, none of the available information
far tells us which of the two configurations is the stable o
in the positive, or, what is equivalent, the excited neut
state of the defect. In Fig. 3, the CC curves have arbitra
been drawn so that theA configuration remains the stab
one, but that has not been established. In fact, the 156-m
difference between theB and A luminescence energie
means that the energy difference betweenA andB configu-
rations in the positive charge state is reduced by that am
from that in the neutral charge state, making it quite poss
that theB configuration becomes the stable one there. If
the defect isbistable,joining the ranks of a growing numbe
of defects with that interesting property.21

To explore this question, we have attempted to prod
the center inp-type material, to determine which configur
tion is initially observed by PL in that material after coolin
in the dark. Following the sameS diffusion and reheat-
quench procedures that were successful in the undoped
con, we found it very difficult to produce the luminescen
in p-type material (@B#;1016 cm23). After several at-
tempts, only one of the samples contained the luminesce
For it, again only theA luminescence was present after initi
cooldown. Using a four-point probe at room temperatu
this sample still has low resistivity, and presumably is the
fore still p-type, after the diffusion, but had high resistivi
after the reheat and quench to activate the centers. The F
level may therefore not have remained close enough to
valence band to produce the positive charge state, and
initial absence of theB configuration in this sample ma
simply reflect that failure.

Our results therefore remain inconclusive on this imp
tant question. The apparent difficulty in producing the def
in p-type material could be a real limitation, reflecting th
effect of the charge states of the individual constituents u
their ability to react. If so, a more clever experiment w
have to be devised to answer this question.

IV. ODMR RESULTS

A. Spectra

The saturation of conversion using above-band-gap e
tation shown in Fig. 7 is very convenient because it ma
possible the prolonged illumination times required f
ODMR studies of the3SA system, which would otherwise
rapidly disappear. As a result the ODMR experiments
scribed below were performed onS-diffused samples using
880-nm excitation from a Ti-sapphire laser, where the t
luminescence contributions persisted essentially indefini
and were comparable.

Figure 8 shows the ODMR spectra observed in the3SA
and 3SB bands at 1.7 K with the magnetic field~B! oriented
along a crystal̂ 111& direction. Here, as in the experimen
described above, optical interference filters were used
separate the bands~1250–1400 nm for3SA , 1500–1800 nm
for 3SB), but capture most of the luminescence intensity
each. All of the ODMR signals show a broad flat-topp
shape suggesting the presence of an unresolved hype
interaction with a single nucleus. As seen in the figure un
higher resolution, one of the lines for each spectrum sho
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four partially resolved lines, not previously reported. The
results provide, therefore, direct confirmation that a 10
abundant spinI 53/2 nucleus is indeed involved, consiste
with the evidence presented previously from ODMR stud
in zero magnetic field.12

Shown in Figs. 9 and 10 are the angular dependences
the 3SA and 3SB ODMR spectra, respectively. The soli
lines in the figures represent the best fit to the data usin
Hamiltonian of the form

H5mBS•g•B1S•D•S1I•A•S ~1!

with electronic and nuclear spins ofS51 andI 53/2, and the
parameters given in Table I. For the fit, the principal axes
g andD were constrained to be the same, and the princ
values ofD were further taken to be those determined re

FIG. 8. ODMR spectra at 1.7 K, withBi@111#, observed in the
~a! 3SA and ~b! 3SB PL spectra taken at 1.7 K using 35 mW o
769-nm excitation from a Ti-sapphire laser. The inset in~b! was
taken atBi@111#12.5° (C557.2°, see Fig. 11!.

FIG. 9. Angular dependence of the3SA ODMR spectrum at 1.7
K using 811-nm excitation from a Ti-sapphire laser. The Ham
tonian parameters used to generate the solid line fit are give
Table I.
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tively precisely in the previous zero-field experiments12

~Such zero field experiments provide no information co
cerning theorientationof the principal axes ofD, and hence
the defect symmetry.! The principal axes determined he
share angles with a set of cubic axes of the crystal wh
cosines are listed in Table I. The directions of these axes
a representative defect orientation with respect to the cu
crystal axes are shown in Fig. 11.

Consistent with previous published analyses for both c
ters, the projection of the principalD1 axis onto the (110)
plane is;17° away from the@111# direction, but our results
reveal that, for3SA , it is also tilted out of the plane by67°.
The angular dependence shows three distinct branches
superpose only forBi@111# (a, b, andc in Fig. 9, arising
from the three sets that are tilted 17° from their comm
@111# direction!. ForC1h symmetry, branchesa andb would
superpose throughout the complete angular dependence
fact that they split apart determines the symmetry to beC1
~triclinic!, not C1h , as concluded previously.13 In the next
section, we rule out the possibility that thea-b splitting
could have resulted from an accidental tilt of the sample
mounting ~i.e., the @110# crystal axis misaligned from the
vertical axis of rotation!.

Our results for3SB are less accurate due to the poor re
lution of the spectra. However, they agree with those
Chenet al.13 in that we find the 1 axis within;1° of the
(110) plane, but find the 2 axis tilted from the@110# by
;18°, compared to their value of;38°. We both agree
however, that its symmetry isC1 ~triclinic!, and much of the

FIG. 10. Angular dependence of the3SB ODMR spectrum at 1.7
K using 811 nm excitation from a Ti-sapphire laser. The Ham
tonian parameters used to generate the solid line fit are give
Table I.
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discrepancy between the two results can possibly be
plained from the poor resolution in both our and their sp
tra.

B. Polarization properties

Shown in Fig. 12 is the3SA ODMR spectrum at three
different magnetic field orientations with a linear polariz
~Polaroid HR! inserted in the path of the luminescence. T
axis of the polaroid is either parallel~vertical! or perpendicu-
lar ~horizontal! to the @110# direction around which the
sample is rotated, as shown in Fig. 11. The signals have b
normalized by dividing by the total PL intensity in each cas
to correct for the different internal reflection coefficients f
the two polarizations.

The positions for the low field transitions of the thre
inequivalent sets of orientations discussed above (a, b, and
c of Fig. 9! are indicated in Fig. 12. Strong polarizatio
effects are clearly observed, orientationa being polarized
strongly horizontal,b, strongly vertical, andc, weakly hori-
zontal. The ODMR spectra for3SB also exhibit large polar-
ization effects. This observation of distinctly different pola
ization properties associated with thea, b, andc branches
provides the required and unambiguous proof that they
indeed derive from three inequivalent orientations, and t
the splitting betweena andb does not result from a crysta
tilt.

These results have another important consequence.
fact that the ODMR signals from different defect orientatio
display different polarization properties provides unambig

-
in

FIG. 11. Diagram illustrating the directions of the principal ax
of g andD for a representative orientation of the3SA or 3SB defect
and the (110) plane of rotation for the magnetic field.
r the
TABLE I. Spin Hamiltonian parameters for the defect orientation illustrated in Fig. 11, and used fo
fits to the 3SA and 3SB ODMR spectra.

Spectrum g D ~MHz! n@100# n@010# n@001# uAu ~MHz!

3SA g152.055 D153610 10.780 10.353 10.517 ;200(10)
g252.015 D252700 20.174 20.174 10.721
g352.022 D3522900 10.602 10.602 20.462

3SB g152.008 D151470 10.814 10.421 10.400 ;180(10)
g252.018 D252180 20.168 20.489 10.865
g352.015 D3521290 10.557 20.763 20.327
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7014 PRB 58P. W. MASONet al.
ous proof that thedefect being studied by the ODMR is i
deed the defect producing the luminescence, and not indi-
rectly involved. In ODMR studies, this issue is always one
concern, and one that can only be directly addressed in
manner.

Such studies on a well-resolved spectrum at several m
netic field and optical collection directions could potentia
be used to make an accurate determination of the op
dipole direction for the transition with respect to the defe
axes, another important bit of information concerning t
defect. It would be extremely difficult here, however, b
cause of the poor resolution in the spectrum, and it was
attempted. However, the results for thea, b, andc orienta-
tions in Fig. 12 by themselves provide some information
3SA in this regard. Their polarization properties can
matched reasonably well assuming the dipole moment di
tion to be primarily in the 2-3 plane, approximately 55° fro
the 12 axis and 35° from the13 axis. ~The light was col-
lected from the@110# surface of the crystal, and in analyzin
the polarization properties, proper correction for refraction
the surface was necessary to obtain the correctinternal per-
pendicular polarization directions.!

FIG. 12. Dependence of the3SA ODMR intensities on the linea
polarization of the luminescence~solid, Ei@110#; dashed,
E'@110#) for ~a! C542.7°, ~b! Bi@111#, C554.7°, and~c! C
572.7°. The positions of the three branches labeleda, b, andc in
Fig. 9 are indicated.
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Careful studies of theA andB ODMR intensities versus
time during the above- and below-band-gap conversion s
ies described earlier in Sec. III B were also performe
Within accuracy, they followed their corresponding lumine
cence band intensities, consistent again with the conclu
above from the polarization studies that the ODMR is,
each case, from the same defect that produces the lum
cence.

V. UNIAXIAL STRESS STUDIES OF THE ZPL’S

In Figs. 13 and 14, we show the splittings produced
uniaxial stress along three different crystal directions for
singlet and triplet ZPL transitions ofA andB, respectively.
In all four cases, the splitting into 3, 4, and 6 lines for t
^100&, ^111&, and ^110& stress directions, respectively
uniquely determines the symmetry to be triclinic (C1).22

Some of the splittings are small and in an earlier publicat
we concluded that they could be spurious, arriving at
conclusion of higher symmetry in each case.23 However, fol-
lowing up on the lower symmetry conclusions from th
ODMR studies, we have carefully repeated the stress exp
ments, and extended them to higher stresses. From t
studies, it is now clear that the splittings are genuine,
several lines in each case arising from the number of
equivalent sets of defect orientations with respect to the
plied stress direction. Each component is observed to h
different polarization properties,14 as illustrated in Fig. 15.

A. Model for analysis

As summarized in Fig. 3, the excited emitting state ari
from the triplet or singlet combination of a loosely boun
effective-mass-like~EM! s51/2 electron with a deeply
bound ~136 meV forA, 291 meV forB) s51/2 hole. We
model the response to stress, therefore, as that of the su
the contributions of the two weakly coupled individual pa
ticles. Consistent with this, we note that the splittings o
served for the triplet and singlet states of each system
almost identical. In what follows, we will therefore conce
trate our analysis on the3SA and 3SB results only.

For the deeply bound hole, we utilize the generaliz
treatment of Kaplyanskii,22 where the change in energy of
particular defect orientation in a cubic crystal can be e
pressed as

dE5A1sxx1A2syy1A3syy1A4sxy1A5syz1A6szx ,
~2!
FIG. 13. Splitting of theSA PL ZPL’s under~a! ^111&, ~b! ^100&, and~c! ^110& stress at;14 K.
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FIG. 14. Splitting of theSB PL ZPL’s under~a! ^111&, ~b! ^100&, and~c! ^110& stress at;14 K.
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where theAi form the elements of a piezospectroscopic te
sor, which describe the linear shifts versus stress, and thes i j
are the elements of the symmetric stress tensor reso
along a set of cubicx5@100#8, y5@010#8, z5@001#8 axes,
defined for that defect.~At this point there is no establishe
relationship between the cubic axes defined for a spe
defect orientation detected in the ODMR spectra, Fig.
and those for the optical stress splittings defined here, or
the four choices of defect orientation for each of the six s
of permuted axes.! For a defect ofC1 symmetry, all six
components ofAi are required, which can be uniquely dete
mined using Table III of Ref. 22 from the splittings produc
by stress along thê100&, ^111&, and^110& directions.

For the electron, we follow the simple deformation pote
tial treatment developed for the EM shallow donor
silicon,24 where, in cubic symmetry, the sixfold degenera
of the ^100& conduction-band valleys causes the groundS
hydrogenic state to split into three distinct energy sta
given by a 1S modulating envelope function times the fo
lowing linear combinations of the valleys:

singlet A15~1/A6!~1,1,1,1,1,1!,

doublet Eu5~1/A12!~2,2,21,21,21,21,21!,

Ee5~1/2!~0,0,1,1,21,21!,

triplet T2x5~1/A2!~1,21,0,0,0,0!, ~3!

T2y5~1/A2!~0,0,1,21,0,0!,

T2z5~1/A2!~0,0,0,0,1,21!,

FIG. 15. Polarization dependence of the3SA ZPL’s under 98
MPa @001# stress at 4.2 K.~a! Ei@001#; ~b! E'@001#.
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where the 6-component vector notation denotes the co
cient of the valley oriented along thek100, 2k100, k010,
2k010, k001, and2k001 directions, respectively. The energ
shift of the j th valley, with respect to the center of gravit
for all of the valleys, under applied stress of magnitudeT
~positive for tension! can be written as

dEj5JuT~s112s12!@~ k̂ j•F̂!22 1
3 #, ~4!

wherek̂ j is a unit vector along thê100& direction of thej th
valley in k space,F̂ is a unit vector parallel to the applie
stress in real space,Ju is the shear deformation potentia
~8.77 eV for the free electron!, and s11 and s12 are elastic
moduli of the crystal. This causes linear splittings within t
T2 andE states versus applied stress along a cube axis,
also introduces off-diagonal coupling between theA1 andE
states, with corresponding nonlinear effects for them.

In the analysis, we will consider two distinct models.
the first model, we assume theA1 EM state for the electron
to be lowest in energy, as is the usual case due to the C
lomb attractive central cell effect, which in this case aris
from the positive bound hole. In the second model, we ta
the E state lowest. The rationale for this second choice
twofold: ~1! the 65–66 meV binding is larger than that fo
the usual neutral chemical donors, and~2! the presence of
copper in the core of the defect could supply an empty
calizedd state ofe symmetry that, by mixing with the EM
electronE state, might lower it preferentially. In each cas
we will allow an internal stress resulting from the low sym
metry of the defect core to split the EM states in the abse
of externally applied stress.

In either model, the electron experiences no splittin
from ^111& stress, so that values forA4 , A5 , and A6 are
immediately determined from thê111& results. In addition,
including, for convenience, the hydrostatic component
the electron into that for the hole, the sum (A11A21A3)/3
is also determined. The values for these parameters, d
mined from the initial low stress slopes, are included
Table II, and the corresponding match to the^111& stress
results for3SA is given in Figs. 16 and 18. We note a sma
additional quadratic term emerging at high stresses, the
gin of which could presumably come from either the electr
or the hole, but which we will ignore in the following analy
sis. For thê 100& and ^110& stress results, we must includ
the contribution from the electron, which differs for the tw
models.
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1. A1 state lowest

In Fig. 16, we include a match to the3SA stress results
assuming theA1 EM state to be lowest, 6Dc below theE
state in the absence of internal or external stresses. ThAi
parameters for the hole, and the various parameters for
EM electron are included in Table II.~The specific assign
ment of the threê111& stress-determined values toA4 , A5 ,
and A6 has been made for the best fit to the^110& stress
results, which by containing boths i i ands i j stress compo-
nents, serves to establish the same set of defect axes fo
six components.! Internal stressess i i 0 have been included
along thex, y, z cubic axes of the defect, which serve
shift and split the EM states in the absence of extern
applied stress, as shown in Fig. 17. Here we see that
presence of an internalszz0 tensile stress causes an exte
nally applied@001#8 compressive stress@the prime denotes
that it is along thez axis defined by Eq.~2! for the defect# to
first reduce the total stress along that direction providing
initial small positive slope for theA1 ground-state energy
which increases to a maximum when the total@001#8 stress
is zero, and then decreases. This has been necessary in
to try to match the behavior for the upper branch of F
16~b!. The smaller internal stressessxx052syy0 serve to

FIG. 16. Theoretical fits to the3SA stress splittings using mode
I (A1 ground state! for ~a! ^111&, ~b! ^100&, and ~c! ^110& stress
and the parameters of Table II.

TABLE II. Hole and electron parameters for the fits to the3SA

and 3SB stress results.~I! or ~II ! denotes the model with the EMA1

or E state assumed lowest, respectively.

Parameter 3SA(I) 3SA(II) 3SB(I) 3SB(II)

A1(meV/GPa) 6.5 5.0 11.0 4.0
A2 4.5 1.0 21.0 21.0
A3 221.0 216.0 224.0 217.0
A4 22.0 12.3 6.2 4.5
A5 12.3 22.0 7.8 6.2
A6 10.2 10.2 4.5 7.8
1
3 (A11A21A3) 23.3 23.3 24.7 24.7
6Dc(meV) 14.0 230.0 15.0 230.0
Ju(eV) 7.3 7.0 7.3 6.5
sxx0(GPa) 0.008 0.015 0 20.022
syy0(GPa) 20.008 20.015 0 10.022
szz0(GPa) 20.265 20.170 20.245 20.165
he
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produce the crossover in the two lower branches. The va
of Ju for best fit is reduced somewhat from the free electr
value ~8.77 eV!, but this is not inconsistent with similar re
ductions observed for the deeper, and hence more locali
chemical donor states.25

Although the general features of the^100& stress results
are reproduced, the fit is not really satisfactory; the posit
increase before turnaround in the upper branch at
stresses substantially exceeds the theoretical fit. The re
for the fit to 3SB data, not shown, suffer the same difficult
To better match thê100& results, we now consider the se
ond model.

2. E state lowest

In Fig. 18, we show the best fit we have obtained for t
3SA stress results starting from the assumption that the
electronE state is lowest. The various fitting parameters a
also given in Table II. In Fig. 19, the 1S EM states, as split
by the built-in stresses, are shown again versus stress a
the defect@001#8 axis. Here, we see that a substantia

FIG. 17. Calculated energies for the3SA bound electron 1S
manifold for model I (A1 state lowest! under externally applied
compressive stress along the defect@001#8 axis. The parameters
used for the calculation are those of Table II that were determi
from the fit shown in Fig. 16. Shown by arrows are the relat
positions of the additional excited states inferred from the P
studies.

FIG. 18. Theoretical fits to the3SA stress splittings using mode
II ( E ground state! for ~a! ^111&, ~b! ^100&, and~c! ^110& stress and
the parameters of Table II.
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greater initial rise and curvature for the lowest-energy s
under@001#8 applied stress now can arise from a level an
crossing of thee states as the internalszz0 is canceled by the
applied stress. Again, a smallsxx052syy0 has been intro-
duced, in this case adjusted to supply the degree of anticr
ing level repulsion required to match the curvature of
upper branch of Fig. 18~b! in detail.

As seen in the figure, this greatly improves the fit.
similar improvement occurs for the3SB results.

3. Comparison to the ODMR symmetry determination

Except for agreement now on the symmetry classificat
of the two configurations, there is no direct connection
tween the orientation of the principal axes of the ODM
spectra given in Fig. 11, and the axes determined from
various branches of the stress-split optical spectra as de
by the piezospectroscopic tensorA. For a low symmetryC1
center, the same number of distinct branches must occu
the optical stress results for the various stress directions a
the ODMR spectra with the magnetic fieldB oriented along
the corresponding direction. This is because, by symme
they each correspond to the same set of orientations tha
equivalent with respect to the orientation of the applied p
turbation. So there is no clue there. The necessary infor
tion could only come from detailed correlation of the optic
polarization properties of each. Comparing the polarizat
properties described for the ODMR spectra in Sec. IV B w
those evident in Fig. 15, for which the optical viewing dire
tions are closely similar, suggests that the individual th
split lines of increasing energy in the optical studies co
correspond to the defect orientations labeleda, b, c, respec-
tively in the ODMR studies. If so, the piezospectrosco
tensor @100#8,@010#8,@001#8 axes of Eq.~2! would corre-
spond to the@100#, @010#, @001# axes, respectively, of the
specific defect orientation shown in Fig. 11. This wou
mean that the principal internal strain componentszz0 is
along the@001# axis for the defect orientation shown in Fig
11. However,this identification must be considered tentati

FIG. 19. Calculated energies for the3SA bound electron 1S
manifold for model II (E state lowest! under externally applied
compressive stress along the defect@001#8 axis. The parameters
used for the calculation are those of Table II that were determi
from the fit shown in Fig. 16. Shown by the arrows are the relat
positions of the additional excited states inferred from the P
studies.
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for several reasons. We have already mentioned the diffic
of polarization studies of the ODMR transitions. In additio
in the optical studies there is evidence of changes in
polarization properties versus stress making it possibly un
liable to attempt correlation with the ODMR results, whic
are obtained at zero stress.

4. Comparison to PLE spectroscopy

The photoluminescence excitation spectroscopy studie
Beckettet al.5 detected several higher lying excited spin s
glet states for both theA and B configurations. For theA
configuration, they were estimated to be at 11.0, 27.7,
29.5 meV above the lowest-energy singlet state, forB, they
were 11.9, 26.4, and 29.6 meV. We here investigate the
models above to see if either or both can supply an iden
cation of these states as arising from the other EM sta
within the 1S manifold for the excited singlet state. We e
pect the relative positions of these states to be similar
those within the triplet spin state, as given therefore in Fi
17 and 19, at zero external stress. To aid this comparison
have noted by arrows the positions of these PLE-determi
excited-state levels with respect to the lowest EM state
zero external stress in the figures.

Consider model I (A1 state lowest!, as shown in Fig. 17.
The fit to the stress-splitting data turns out to be relativ
insensitive to minor adjustments of the value of 6Dc . ~A
satisfactory match was initially obtained with a value of
meV, with slight adjustment of the other parameters
compensate.!26 As a result, in deriving the specific param
eters given in Table II, it was possible to further restrict t
A1 to lower E-level splitting at zero applied stress to mat
the 11.0-meV PLE excitation energy, as shown in the figu
still with a satisfactory fit. This, in turn, automatically place
the upperE state close to the 27.7-meV PLE excitation e
ergy. Finally, since the placement of the center of gravity
the T2 states is arbitrary in our analysis, we have, in t
figure, placed it so that theT2x,y states end up also in th
region of the 27.7- and 29.5-meV excitations. A logic for th
placement is that, in so doing, theT2 center of gravity is
;35 meV above the groundA1 state, ending up therefor
close to the expected EM binding energy value
;30 meV. Alternatively, we might have chosen a low
center of gravity for theT2 states so that theT2z state
matched the 29.5-meV level. In any event, it appears t
model I has sufficient flexibility to satisfactorily accommo
date the PLE excitation results. Very similar results a
found for the model I match to the3SB results.

However, in the case of model II, Fig. 19, accounting f
the PLE excitations is somewhat less satisfactory. On
positive side, thesxx0 and syy0 components required to
match the curvature of the upper branch of the^100& stress
results provide splittings between theT2x and T2y states,
which match closely for both3SA and 3SB the splittings
between the two higher-energy states seen in the PLE.
center of gravity for theT2 states has therefore been selec
to make this obvious match in Fig. 19. In so doing, its cen
of gravity again lies close to the expected EM value,
might reasonably be expected. However, the model lea
little flexibility in the position of the E~1! level, and it does
not appear possible to raise it sufficiently to satisfactor

d
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match the first PLE level and still match the^100& stress
results for either3SA or 3SB .

Another possibility for an energy-level crossing is if th
T2 state were lowest. It is possible, of course, that the un
cupied copperd orbital is of t2 symmetry, makingT2 the
lowest 1S EM state. However, in that case, the level cross
would be a true crossing, giving a sharp, not rounded, sl
change to the upper transition in the^100& stress results
since Eq.~4! provides no off-diagonal coupling between th
T2 states or from them to the other states. Therefore, we h
not considered this possibility further.

And so, we are faced with a dilemma. The model with t
E state lowest fits the stress data extremely well. It does
appear, however, to supply a simple direct explanation of
first excited PLE state. The model with the A1 state lowest
appears incapable of a good match to the stress results, b
potentially capable of accounting for the PLE states. In or
to more properly identify the parentage of the PLE states
would be highly desirable to study the effects of appli
uniaxial stress on the PLE spectrum, as has successfully
done via absorption studies in the case of a different neu
donor luminescent system,27 and used to unravel its excite
EM structure.28 In the absence of such results, however,
must accept the present uncertainty. We recognize that t
remains flexibility in the positioning of theT2 levels to ac-
count for some of the PLE levels, and, of course, we can
rule out the possibility that low-lying excited levels for th
bound hole play a role. Evidence for this might be cited
the nonlinear effects evident in Figs. 16~a! and 18~a!, which
are not accounted for in the EM approximation.

VI. SUMMARY AND CONCLUSIONS

We have established the following concerning this mu
studied metastable PL system in S-doped silicon.

~1! The presence of an impurity atom with a;100%
abundantI 53/2 nucleus, deduced indirectly from previou
studies,12 has been confirmed by the direct detection of
characteristic 4-line hyperfine structure in the ODMR sp
trum of both theA and B configurations. The evidence fo
the involvement of copper in the defect, as previously s
gested by these authors, is therefore confirmed.

~2! The symmetry for each defect configuration has be
unambiguously established to be triclinic (C1). This has
been established both from the ODMR studies and the str
splitting studies of the ZPL’s for each configuration. Th
result serves to correct previous conclusions from ODM
studies that suggested higher (C1h) symmetry for configura-
tion A.13

~3! From the study of the optically inducedA→B conver-
sion, we have established that the energy dumped into
vibrational modes of defectA when it luminesces does no
supply a significant mechanism for the conversion. In ad
tion, our results suggest that for below effective band-g
excitation, i.e., the phonon-assisted free exciton forma
energy, direct optical excitation of the defect provides
dominant mechanism, as opposed to exciton capture, w
has been argued to provide the dominant mechanism for
citation energies above the free exciton formation ene
threshold.9 Detailed study of theB→A recovery has estab
lished the thermal activation barrier to be 0.1060.01 eV. In
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either conversion study, the sum of theA andB concentra-
tions, as monitored by their PL intensities, has been obse
to be constant within experimental accuracy during the c
versions. We have found no evidence therefore of a th
intermediate and unseen configuration, as suggested i
earlier study.8

~4! Combining theB→A barrier with the energies for the
optical transitions leads to a simple configurational diagr
for the defect, as given in Fig. 3, locating the single don
level positions for the defect atEV10.136 eV andEV

10.291 eV forA and B, respectively, and with no othe
configuration involved. Evidence for an additional availab
negative charged state for theA configuration has been pre
sented by Chenet al.9 but we have no direct evidence on
way or the other on this question.

~5! Attempts to establish which is the stable configurati
in the positive charge of the defect~equivalent to the excited
EM state of the neutral state! were inconclusive due to an
apparent difficulty in producing the defects inp-type mate-
rial. The question therefore ofbistability versus simplemeta-
stability has not been answered conclusively, and this fi
important feature required to fully complete the CC diagra
remains uncertain.

~6! The general features of the ZPL stress-splitting res
have been successfully modeled in terms of a Kaplyan
piezospectroscopic tensor response for the deeply bound
plus the deformation potential response for a Coulombica
bound effective-mass-like electron. Two models have b
presented, one with the effective massA1 state lowest, the
other with theE state lowest, each perturbed by the reduc
symmetry of the defect core. TheE state supplies a signifi
cantly better match, but is less successful in accounting
the PLE spectra previously determined for the centers.

In conclusion, a great deal is now known concerning
defect. It involves an impurity with nuclear spinI 53/2, pre-
sumably copper, plus one or more sulfur atoms. It is a d
donor with two configurations between which it can cyc
under optical excitation or thermal recovery at cryoge
temperatures and each has triclinic symmetry. Its lumin
cence results from a transition from its neutral excit
effective-mass state to its ground deep neutral donor state
either configuration.

We still do not have, however, sufficient information
establish a detailed microscopic model for each of the c
figurations. Attempts at optical detection of ENDOR ha
not been successful, ruling out the valuable structural inf
mation that might be available from the additional magne
and electric quadrupole information that it can often provid
However, a reasonable guess is that it involves a single s
stitutional sulfur atom paired off with an interstitial copp
atom. That only a single sulfur atom is involved has be
suggested by Brownet al.2 who reported a linear dependenc
of the PL intensity with sulfur concentration. That it is su
stitutional is suggested by its bulk incorporation only af
many hours at;1200 °C. That the copper atom is interstiti
is consistent with the rapid formation of the pair
;700 °C, and also with the low migrational barrier requir
for one of the pair to account for the easy configuratio
changes of the complex at cryogenic temperatures. Con
tent with this, we note the report29 of easy reorientation at
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cryogenic temperatures for the 1.0145-eV luminescence
tem, noted in Sec. I to display similar phonon structure to
S-related defect, and identified to be a Cu-Cu pair in silic

It is tempting therefore to consider as guides the mod
of other interstitial-substitutional pairs that have been ide
fied to have similar metastability and for which detail
structures have been determined. These include inters
carbon paired off with either substitutional carbon30 or
phosphorus.31 In both cases, it is the interstitial carbon ato
that hops from one nearby position to another, and the
symmetry arises from the fact that the interstitial ato
nestles into bonded interstitialcy configurations with
neighbors, rather than occupy the tetrahedral interstitial s
k
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We conclude that such a model represents the best pre
candidate for theS-related luminescence in silicon.
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