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Optical detection of magnetic resonaf@DMR) and photoluminescend®L) studies are described for the
sulfur-related metastable defect in silicon first reported by Brown and Hall. It is established that its two
configurationsA andB, are of triclinic (C;) symmetry, and the incorporation of a single impurity atom with
nuclear spirl = 3/2 is confirmed directly by resolving its hyperfine structure in each ODMR spectrum. Detailed
study of the conversion kinetics indicates the domirfantB 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 activaBed A return is 0.1@0.01 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 positiofS0163-182608)04636-(

[. INTRODUCTION cited states, three were tentatively interpreted as arising from
within the 1S(A,) electron effective-mass state and reflect-
Strong photoluminescend®L) at ~1.3—1.4 um from  ing thes=1/2 electron and =3/2 hole coupling scheme of
thermally quenched sulfur-doped crystalline silicon was firstDean and HerbeftTwo additional higher-energy states were
reported by Brown and Hall in 1986The initial interest was ~ suggested to arise from theS(E) and 1S(T,) states.
technological as it was found that the luminescence was A subsequent study by Singét al/ supplied evidence
highly efficient at 77 K, and therefore could be of potential that theA andB systems arose from different configurations
use in low temperature optoelectronic devices. Subsequentlpf the same defech being the stable configuration, aBda
however, the interest has turned to the physics of the defecnetastable one that is produced by the optical excitation at
responsible for the luminescence because of the discoveryogenic temperatures. They showed also by Zeeman stud-
that it displaysmetastability having two configurations in ies that the lowest-energy excited state for each configuration
the lattice, each of which can be separately observed in this a spin triplet §=1) and that the next highest stdtgving
luminescence. rise to the dominant ZPL af>15 K) is a spin singlet$
The chronological development leading up to our present0). This revealed that, contrary to the original interpreta-
understanding of this interesting system is as follows: Browrtion of Beckettet al, the orbital angular momentum of the
and Hall, in their first report,concluded that the emission deeply bound hole is quenched, giving forsit 1/2. The
from the sulfur-doped material was from an exciton stronglyorigin of the additional excited states observed by Beckett
bound to an isoelectronic trap as evidenced by a long radizet al. therefore remains presently unexplained. Heetral®
tive lifetime and a high thermal deactivation energy ofstudied further the conversion between the two configura-
~140 meV. They suggested that sulfur was directly in-tions, making a rough estimate 6f0.16 eV for the thermal
volved in the defecta fact that has later been confirmed by activation barrier for theB to A return conversion, but, in
the report of a very similar but distinctly different lumines- addition, concluding that a third configuration, not being
cence system in Se-doped silicof). Beckettet al® subse-  seen in the luminescence, appeared to be required to interpret
quently identified zero phonon lin€ZPL) from two distinct  their results. Finally, a recent study of the photoexcitation
luminescence systems, labeladandB, each of which dis- energy dependence for tiheto B conversion led to the pro-
played two transitions, one forbidden but dominant at lowposal that the dominant conversion mechanism was excitonic
temperatureg968.2 meV forA, 812.0 meV forB) and a  Auger capture by the defect in an additional negative
second higher-energy ori@77.0 meV forA, 821.9 meV for  charged state of ité configuratior”’
B), dominant at elevated temperaturds<(15 K). From far There have been several ODMR studies reported for the
infrared absorption spectroscopy of the photopopulated exriplet excited Iluminescent states of the two
cited state, they were able to show that the lowest excitedonfigurations>~*No resolved hyperfine structure was ob-
state for each was composed of a deeply bound hole and aerved in these conventional ODMR studies, but in a zero
electron Coulombically bound by 65.3 meV férand 66.2 magnetic field study it was concluded that hyperfine interac-
meV for B. Photoluminescence excitation spectroscopytion with a nuclear spin of=3/2 could be detected, and the
(PLE) revealed several additional excited states. Of the expresence of a copper atom in the complex was proptisied.
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was pointed out subsequeriflythat the distinctive phonon- and recovered using standard lock-in techniques. The
assisted structure observed on #hduminescence band is uniaxial stress studies were performed at 4.2 K, with the
remarkably similar to that of another known copper-relatedsamples immersed in liquid helium, or at 16 K in an Oxford
band in silicon(ZPL at 1.0145 eV, supplying confirmation Instruments helium flow cryostat. The PL was excited by the
of their conclusion. In these ODMR studies, the symmetry 0f514.5-nm line of an Af laser and the spectra were recorded

the A configuration was concluded to l6®,;, (monoclinicl, using a Nicolet 60SX Fourier transform IR spectrometer,
containing &{110 mirror symmetry plang but theB con-  with a North Coast EO817S cooled germanium detector.
figuration was concluded to b@; (triclinic). Stress was applied along the long axis of x-ray oriented 12

In the present paper, we describe PL and ODMR studie<4x 2 mn? samples, with long axes alog@00), (111), or
to probe further the structure and symmetry of the defec{110) directions. For the polarization studies, the samples
configurations and the mechanisms for conversion betweewere excited normal to the back £2-mn¥ surface and the
the two. We arrive at conclusions that differ in several im-PL was detected normal to the front @2-mn? surface.
portant respects from those cited above. In particular, weéuminescence emitted via the corners and edges was stopped
conclude that the symmetries of badhandB configurations by painting them with colloidal graphite.
are actuallyC; (triclinic), which, as reported earlier in a The ODMR studies were performed at Lehigh University
preliminary report* we demonstrate unambiguously both by at pumped liquid helium temperaturés7 K) in an Oxford
ODMR and a study of stress-induced splittings of the zeroinstruments SM-4 superconducting magnet optical cryostat.
phonon lines. Consistent with the conclusion of excitonicThe sample was mounted in a 35-GHzy[fcavity allowing
conversion, we supply direct evidence that the dominant confor optical excitation and detection of the emitted light, and
version mechanism cannot be associated with the energyould be rotated to measure the angular dependence of the
dumped into the defect local vibrational modes associate@DMR spectrum. A Gunn oscillator provided microwave
with the Stokes shift of the luminescence itself. However, wepower up to 70 mW, which was on-off modulated at
interpret our results to show that the domindetow-band- ~500 Hz. Above-band-gap excitation at800—900 nm
gapexcitation mechanism is not excitonic capture, but rathefrom a Ti-sapphire laser was used, and the luminescence was
requires direct optical excitation of the defect. We provide adetected by a North Coast EO817S detector, with subsequent
precision determination of the thermal barrier for ¢o A lock-in detection at the microwave modulation frequency.
conversion and find no evidence of a third configuration.Similar to previously published resuféwe encountered a
Finally, we attempt a model to explain the stress dependencstrong nonresonant background signal with relatively fast de-
of the PL spectra. cay, presumably arising from cyclotron resonance of the free
carriers. It was eliminated using the method described by
these authors of pulsing the excitation at twice the micro-
wave modulation and lock-in detector frequency, and timing

Most of the samples studied were prepared by diffusion othe detector to turn on after each fast carrier decay and off
sulfur at~1050 °C into undoped high resistivity vacuum- before the next laser pulse. Low-resolution PL studies were
floating zone silicon crystals in a sealed quartz ampoule foRlso performed in the ODMR cryostat using both Ti-sapphire
~100-500 h. The solubility of sulfur at this temperature is and Nd YAG lasers for excitation.
approximately % 10'® cm~2.1® The visible surface damage
was subsequently polished off and the samples etched with
HF/HNO;. For one set of experiments, similar samples were
prepared fromp-type vacuum floating zone silicon B] Shown in Fig. 1 are typical photoluminescence spectra
~10'® cm™3). For another set of photoluminescence stud-under high resolution at 4.2 K, where only transitions from
ies, a sample produced by 200-keV ion implantation of sulthe lower triplet state of each are observed, labéigg and
fur, followed by a 30-min 1200 °C anneal was also used. In3SB, and at~15 K, where transitions from the higher
all cases, to produce the luminescence, the samples welging-singlet state of eacHS, and 'Sy begin to dominate.
reheated to~700 °C for a few seconds and rapidly We will use this notation throughout this papéin earlier
guenched into silicone oil or ethylene glycol. papers, before the triplet and singlet character of the excited

The high resolution PL studies were carried out at King'sstates had been established, different, less meaningful label-
College London. The conversion studies between the twing schemes have been used.
configurations were performed using a custom-built drip- Initially, upon cooling in the dark, only thé lumines-
feed modification to an Oxford Instruments cryostat, withcence bands appear. Under the photoexcitation used for the
temperature regulation ta0.1 K using an Oxford Instru- luminescence study, tH& luminescence grows in and tide
ments ITC-4 controller and a silicon diode sensor mounted irlecreases. Under the proper conditions, which we will ex-
the sample holder. The actual sample temperaturelore later in this section, almost complete conversion can
(0.2 K) was measured by a calibrated Ge resistance thesccur. Upon subsequent annealing in the dark 40 K, the
mometer (Lakeshore Cryogeni¢smounted on the sample reverseB— A conversion occurs. In what follows, we will
holder. The PL was excited using either the 514.5-nm line okxplore each of the two conversion processes.
an argon ion laser, the 1.064m or 1.319um line of a Nd
YAG laser, or by a Burleigh color center laser tunable in the
1.47-1.73.um range. The PL was dispersed using a 3/4-m
single monochromatofSpex 170}, detected with a North These studies were performed on an ion-implanted
Coast E0817S liquid-nitrogen-cooled germanium detectorsample, the luminescence measurements being performed at

II. EXPERIMENTAL PROCEDURE

Ill. CONVERSION STUDIES

A. B—A Conversion



PRB 58

1
/SB

(b) 15K

(a) 4.2K
3
SB\ 3
Nl ZP
Ty T rrrygJrrrUorrYrYrYrYrrrrorrT o 7
750 800 850 900 950

ENERGY (meV)

SULFUR-RELATED METASTABLE LUMINESCENCE ...

10*

7009

T Illill

10°

7 (s)

10°

LI NUBLILLI|

T

T=2x10""exp(0.1eV /KT) s

26 27
1000/T (K™

FIG. 2. Temperature dependence of fBe>A recovery time

L.

constant;, monitored by the intensity of th&s, (circles, and3Sg
(squaregsluminescence at 7 K. The crosses indicate data monitored
at the indicated temperature througk while exciting into the'Sg

With this additional information, we can summarize what

is presently known concerning the electrical properties of the

defect into a simple configurational coordinaf€C) dia-

FIG. 1. High resolution PL spectra taken(at 4.2 K, and(b) 15
K of S-doped silicon following a rapid thermal quench from
~700 °C.

gram, as shown in Fig. 3. Contained therein for each con-
figuration are the ZPL luminescence energy, the level posi-
tion of the donor state above the valence bé& energy

required to ionize the hole from the neutral siatnd the

7 K using the 1.064+m line of a Nd YAG laser as excita-
tion. The samples were first converted to Bieonfiguration
(~98% conversion after 5 min at 1-W excitatjonThey
were then raised quickly to a fixed temperature, maintained
there for a fixed period of time, cooled quickly again to 7 K,
and the intensity ofS, or 3Sg was then recorded for 90 s
under 10-mW laser excitation, by tuning the monochromator
to the corresponding sharp zero phonon l{g€L). By ex-
trapolating the recorded intensity back to the start of the
excitation, correction for anyA—B conversion occurring
during the monitoring was made. This procedure was re-
peated for both®S, and 3Sg at several time intervals for
each annealing temperature, and at several temperatures.
At each temperature, the recovery was found to follow a
simple exponential time dependence characteristic of first or-
der kinetics, and in Fig. 2, we plot the experimentally deter-
mined time constants versus temperat(fée crosses result
from PL measurements of the growth $f takenin situ at
the annealing temperature under weak excitation into' e
ZPL using the Burleigh color center laser. TAe~B con-
version was negligible under these excitation conditions and
could be ignored; see the next sectjofihe results give an
activation barrier of 0.18 0.01 eV. As evident in the figure,
the time constants for the recovery as measured separately
for A or B are identical within the experimental accuracy.

configuration, as reported by Heney al®
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We see here, therefore, no evidence of a third, intermediatepnfigurations of the S-related defect, their associated charge states,

and level positions.
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monitored by the growth ofSg for two power levels. There
FIG. 4. Growth of*Sg luminescence under 1.064m excitation  is a definite departure from pure exponential behavior, but
at T=7 K for two different excitation powers. we assume in our analysis not greater than can be accounted
for by unavoidable inhomogeneity in the excitation. We take
energy from the conduction band of the excited neutral statéhe initial slope of each run as the measure of the conversion
(the energy required to ionize the electron into the conducrate. In Fig. 5, we show the combined results of monitoring
tion band. In the ground neutral state, the barrier going fromthe growth ofB and the decay oA. Within accuracy, the
B to A is included, and the total energy Afhas been placed rate is linearly proportional to the excitation power over
lower than that o to account for its greater stability. The three decades. In addition, there is no significant difference
only thing not known is how much lowek is thanB, except between the results foA or B, as shown, again arguing
that it must be=0.03 eV in order to account for the vanish- against a third unseen intermediate configuration.
ing concentration oB when cooled in the dark fron+ 40 K In Fig. 6, we show the intensity of the luminescence as
(where it can still establish equilibriumAs drawn, theA  monitored by the ZPL of each over the same range of exci-
configuration is still the stable one in the positive ionizedtation power. FoB, the power dependence could be deter-
state. That has not as yet been established, and we will amined after first optically pumping all of th& centers to the
tempt to explore that question later in this section. B configuration. ForA, the initial intensity was determined
for each run by extrapolating back to the start of the excita-
tion, to compensate for conversion occurring during the run.
Here, it is clear that the luminescence is sublinear even at the
In Fig. 1, we note that, in addition to the sharp ZPL's, [owest power level and saturates strongly at the higher exci-
each has a broad phonon-assist&okeg component to tation powers. Comparing this to the linear dependence of
lower energies, the component f@&, being somewhat the conversion rate in Fig. 5, we can conclude immediately
greater, and extending to lower energies. This means that in
the luminescence transition, energy is dumped into local lat-
tice vibrations, which, from Fig. 1, could be for defeéktas
much as~0.1-0.2 eV, but less foB.
Since the energy barrier for the thermally activated
— A return recovery is only 0.1 eV, one possible mechanism
for the A—B conversion could be the luminescence itself. In
this “recombination-enhanced” model, the local vibrational
energy supplied by the Stokes transition would be sufficient
to surmount the barrier, and the stroMg—B preference
could reflect the greater energy release efficiencyAfaer-
susB. We now test this attractively simple model.
We use the same setup as in B> A conversion studies
of the previous section, exciting the ion-implanted sample
with the 1.064g.m Nd YAG laser line, partially defocused in T T T
an attempt at homogeneity over the sample, and recording f 1 10 100 1000
the intensity versus time of th&S, or 3Sg ZPL through a Laser Power (mW)
monochromator. Before each run the sample was raised to
~65 K for 5 min and cooled in the dark to start from the  FIG. 6. PL intensity of3S, and Sz vs 1.064um excitation
same initial conditions. Shown in Fig. 4 is the conversionpower.

B. A—B Conversion

100

A=1.064um

B
Ao=1.319um

PL Intensity (arb. units)
]
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that the luminescence itself does not provide a significant T ¥ T r T T 1
contribution to theA— B conversion, and a different mecha-

nism must be involved. 10
In fact, a linear power dependence for the»B conver-
sion requires that the state from which the conversion pro- g 0.8
cess originates be constant in concentration over the full §
range of the excitation. This rules out, for exampay £ 061
excitation-induced process from the excited state, because of§
its nonlinear occupancy dependence in Fig. 6. Instead, we G 0.4
are led, therefore, to the conclusion that the conversion pro- g '
cess must be the result of excitation from a ground state of 2
the A defect, whose relative concentration is not significantly 0.2
changed even at the highest excitation levels. This, in turn,
implies that the luminescence saturation of Fig. 6 does not -———

result from significant depopulation of the ground state. 0 20 40 60 80 160
Confirmation of this is seen in Fig. 6 where the ZPL PL Time (min)

intensity of 3Sg versus 1.319um Nd YAG excitation

power is also presented. We note the very similar saturation FIG. 7. A andB concentrations vs time in a S-diffused sample

behavior as for the 1.064m excitation but saturating at a under 888-nm excitation at 4.2 K, as monitored by their normalized

lower PL intensity. This suggests strongly that it is not satu-PL intensities. The last points result from broad band excitation

ration of the defect excited state that is occurring, but rathewith a xenon arc lamp source.

the limiting result of an indirect two-step excitation process.ducmg the conversion. We do not challenge the interpreta-

of electrons and holes from u_nrelated deepllevel defect; 'Mon of Chenet al® that the dominant mechanism could be an
the material. Luminescence will result from either seque'ntlaAuger process associated with exciton capture by an addi-
capture of the electrons and holes or capture of excitongona| negative charge state of the deféatonfiguration for
formed from them. Evidence for such processes was previgxcitations above the free exciton phonon-assisted formation
ously noted by Becketet al,® who first observed botlS,  energy. Their results, as well as those of Thewalt and
andSg luminescence with excitation energies well below theKarasyuR’ clearly demonstrate the sharp onset of a greatly
ZPL energies of either. As mentioned above, this is fullyincreased conversion rate at this ener@fyhere are differ-
consistent with the linear dependence upon 1.064-exci- ences between finer, but important, details in the results and
tation power, Fig. 6, which implies negligible depopulation interpretations of the two groups, a subject of current
of the appropriate defect ground state. controversy’~1° but the sharp onset upon free exciton for-
To probe this further, we have compared the conversiommation is found by both.Our results indicate, however, that,
between above and below band-gap excitation on a diffusedt least for excitation below this threshold, where the free
sample, for which the sulfur concentration should be rela€xciton concentration is low, direct optical excitation be-
tively uniform throughout the bulk. These experiments werecomes the dominant mechanism. In the figure, normalized
performed at Lehigh in the ODMR cryostat, the lumines-intensities of both theé’S, and 3Sg luminescence bands are
cence of the two bands being separated by interference filtegotted, as is their sum. Within accuracy, the sum remains
(1250-1400 nm fo6, , 1500—1800 nm foBg , with correc-  constant throughout the transformation, again supplying no
tion for the small overlap of th&, phonon-assisted tail into evidence of an invisible intermediate configuration.
the range monitored faBg), and recorded versus time. For ~ Although the saturation PL intensity in Fig. 6 for
the below-band-gap 1.064m excitation(1.165 eV, below 1.319um excitation is only a factor of-5 lower than that
the TA-assisted free exciton formation energy at 1.173 eV for the 1.064xm excitation, we detect negligibke— B con-
which penetrates the sample, the conversion is similar to theersion rate at this lower energy, i.es2% of that at the
studies described above, with almost complete conversiorgorresponding power for the 1.064m excitation. This sug-
For above-band-gap excitatid888 nm, however, the con- gests that the optical transition involved in the conversion is
version is initially fast, but saturates quickly at only partial to a localized state of the defect in the conduction band, and
conversion, as shown in Fig. 7. Subsequent illuminatiorit is its rapidly falling tail extending into the below-band-gap
from an unfiltered broad band xenon light source, with sub-€excitation energy region that is being excited. A similar ef-
stantial below-band-gap contribution, completes the converfect has been reported for an optically induced reaction for
sion, as shown. the lattice vacancy in silicon, in that case, its migrafidn.
These results further establish the independence of lumiFhe exact nature of the defect excited state cannot be deter-
nescence and conversion, but, in addition, present a strongined, but such molecularlike states undoubtedly exist
argument that, for excitation below the phonon-assisted frewithin the d manifold of the copper atom, for example. An
exciton formation energy, direciptical excitationof the de-  alternative possibility is a high vibrational state of tBe
fect provides the dominant mechanism for conversion. Whegonfiguration, which on the CC diagram of Fig. 3 would be
exciting above band gap, free carriers and excitons formethe harmonic extension of the excit&dstate curve past the
from them can diffuse beyond the optical penetration depthA-B barrier (resulting from the “anticrossing” with the cor-
producing the strong component of the observed luminesresponding harmonic extension of theexcited-state curye
cence that must come by their capture at defects farther intmward theA equilibrium coordinate, allowing a direct tran-
the bulk. But this capture is clearly highly ineffective in pro- sition to theB configuration.
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C. Bistability or metastability? e e A B s E |

As mentioned above, none of the available information so
far tells us which of the two configurations is the stable one
in the positive, or, what is equivalent, the excited neutral
state of the defect. In Fig. 3, the CC curves have arbitrarily
been drawn so that thA configuration remains the stable
one, but that has not been established. In fact, the 156-meV
difference between thé8 and A luminescence energies
means that the energy difference betwéeandB configu-
rations in the positive charge state is reduced by that amount
from that in the neutral charge state, making it quite possible
that theB configuration becomes the stable one there. If so,
the defect idistable,joining the ranks of a growing number
of defects with that interesting propefty.

To explore this question, we have attempted to produce I ~
the center inp-type material, to determine which configura-
tion is initially observed by PL in that material after cooling
in the dark. Following the samé& diffusion and reheat-

PLODMR Intensity (arb. units)
1
. R

guench procedures that were successful in the undoped sili- T e e
con, we found it very difficult to produce the luminescence 100 1.05 1.10 115 1.20 1.25 1.30 1.35 140 145
in p-type material [B]~10' cm %). After several at- B (Tesla)

tempts, only one of the samples contained the luminescence. _ )

For it, again only the\ luminescence was present after initial /G- 8. ODMR spectra at 1.7 K, witB|[111], observed in the
cooldown. Using a four-point probe at room temperature(® “Sa and(b) “Sg PL spectra taken at 1.7 K using 35 mW of
this sample still has low resistivity, and presumably is there-/69-1M excitation from a Ti-sapphire laser. The insetlih was
fore still p-type, after the diffusion, but had high resistivity 2ken atBl[111]+2.57 (¥=57.2%, see Fig. 11

after the reheat and quench to activate the centers. The Fermi . . .
level may therefore not have remained close enough to th@ur partlally_ resolved lines, not prewqusly_reported. These
sults provide, therefore, direct confirmation that a 100%

valence band to produce the positive charge state, and t ) o . .
initial absence of theB configuration in this sample may abundant spin=3/2 nucleus is indeed involved, consistent
simply reflect that failure with the evidence presented previously from ODMR studies

Our results therefore remain inconclusive on this impor—In zSehro ma_gnlf_nc ﬂglﬁj. 410 th lar d q ¢
tant question. The apparent difficulty in producing the defect own In 1gs. © an are the angular dependences for
- - L - the 3S, and 3S; ODMR spectra, respectively. The solid
in p-type material could be a real limitation, reflecting the | 'Ath i B 1h ,b CEt 10 th : dat :
effect of the charge states of the individual constituents uporllhnes_l'{' he |gfutrhes frepresen € best it {o the dafa using a
their ability to react. If so, a more clever experiment will 'amiitonian ot the form

have to be devised to answer this question.
H=pugS-g-B+S-D-S+1-A-S (1)

with electronic and nuclear spins 81 andl =3/2, and the

parameters given in Table I. For the fit, the principal axes of
A. Spectra g and D were constrained to be the same, and the principal

The saturation of conversion using above-band-gap excivalues ofD were further taken to be those determined rela-

tation shown in Fig. 7 is very convenient because it makes

IV. ODMR RESULTS

possible the prolonged illumination times required for 90, [110]
ODMR studies of the®S, system, which would otherwise
rapidly disappear. As a result the ODMR experiments de-
scribed below were performed @diffused samples using = 601
880-nm excitation from a Ti-sapphire laser, where the two g qret]
luminescence contributions persisted essentially indefinitely A
and were comparable. = 304
Figure 8 shows the ODMR spectra observed in fiS2 &
and 3Sg bands at 1.7 K with the magnetic fie{B) oriented
along a crystal111) direction. Here, as in the experiments o © 1001
described above, optical interference filters were used to . : oo
1.027 1.163 1.299 1.435

separate the band$250—1400 nm forS,, 1500—1800 nm
for 3Sg), but capture most of the luminescence intensity of
each. All of the ODMR signals show a broad flat-topped FIG. 9. Angular dependence of ti&, ODMR spectrum at 1.7
shape suggesting the presence of an unresolved hyperfireusing 811-nm excitation from a Ti-sapphire laser. The Hamil-
interaction with a single nucleus. As seen in the figure undetonian parameters used to generate the solid line fit are given in
higher resolution, one of the lines for each spectrum show3able I.

Magnetic field (T)
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FIG. 10. Angular dependence of tAi8; ODMR spectrum at 1.7
K using 811 nm excitation from a Ti-sapphire laser. The Hamil-  FIG. 11. Diagram illustrating the directions of the principal axes
tonian parameters used to generate the solid line fit are given iaf g andD for a representative orientation of ti&, or °Sg defect
Table 1. and the (10) plane of rotation for the magnetic field.

tively precisely in the previous zero-field experimetfts. dlsgrepancy between the two r(_esults can possmly_ be ex-
(Such zero field experiments provide no information Con_plamed from the poor resolution in both our and their spec-

cerning theorientationof the principal axes o, and hence tra

the defect symmetry.The principal axes determined here

share angles with a set of cubic axes of the crystal whose B. Polarization properties

cosines are listed in Table I. The directions of these axes for gnown in Fig. 12 is the®S, ODMR spectrum at three

a representative defect orientation with respect to the cubigtferent magnetic field orientations with a linear polarizer

crystal axes are shown in Fig. 11. (Polaroid HR inserted in the path of the luminescence. The
Consistent with previous published analyses for both cenzyis of the polaroid is either parall@lertica) or perpendicu-

ters, the projection of the princip&, axis onto the £10) |5 (horizonta) to the [110] direction around which the

plane is~17° away from th¢ 111] direction, but our results  gampe s rotated, as shown in Fig. 11. The signals have been

reveal that, for’s,, it is also tilted out of the plane by: 7°. ormalized by dividing by the total PL intensity in each case,

The angular dependence shows three distinct branches thgf correct for the different internal reflection coefficients for
superpose only foB||[[111] (a, b, andc in Fig. 9, arising  the two polarizations.

from the three sets that are tilted 17° from their common  The positions for the low field transitions of the three

[111] direction. ForC,, symmetry, branches andb would  inequivalent sets of orientations discussed abaye( and
superpose throughout the complete angular dependence. TReof Fig. 9) are indicated in Fig. 12. Strong polarization
fa(_:t _th_at they split apart determines th_e symmetry tadChe  effects are clearly observed, orientatianbeing polarized
(triclinic), not Cyy,, as concluded previously.In the next  strongly horizontalb, strongly vertical, ant, weakly hori-
section, we rule out the possibility that teb splitting  zontal. The ODMR spectra fotSg also exhibit large polar-
could have resulted from an accidental tilt of the sample inzation effects. This observation of distinctly different polar-
mounting (i.e., the[110] crystal axis misaligned from the jzation properties associated with the b, andc branches
vertical axis of rotation provides the required and unambiguous proof that they do
Our results for’Sg are less accurate due to the poor resoindeed derive from three inequivalent orientations, and that
lution of the spectra. However, they agree with those ofthe splitting betweem andb does not result from a crystal
Chenet al® in that we find the 1 axis within-1° of the filt.
(110) plane, but find the 2 axis tilted from th&10] by These results have another important consequence. The
~18°, compared to their value of 38°. We both agree, fact that the ODMR signals from different defect orientations
however, that its symmetry 8, (triclinic), and much of the display different polarization properties provides unambigu-

TABLE |. Spin Hamiltonian parameters for the defect orientation illustrated in Fig. 11, and used for the
fits to the 3S, and 3S; ODMR spectra.

Spectrum g D (MHz) n[100] n[010] n[001] |A| (MHZ)

33, g,=2.055  D;=3610 +0.780 +0.353 +0.517 ~200(10)
0,=2.015 D,=—700 ~0.174 -0.174 +0.721
g3;=2.022 D;=—-2900 +0.602 +0.602 —0.462

35, g,=2.008 D,=1470 +0.814 +0.421 +0.400 ~180(10)
g,=2.018 D,=-180 —0.168 —0.489 +0.865

03=2.015 D;=—-1290 +0.557 —0.763 —0.327
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FIG. 12. Dependence of thtS, ODMR intensities on the linear
polarization of the Iuminescencesolid, E[[110]; dashed,
EL[IlO]) for (8) ¥=42.7°, (b) B||[111], ¥=54.7°, and(c) ¥
=72.7°. The positions of the three branches labaletl, andc in

Fig. 9 are indicated.
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Careful studies of thé\ andB ODMR intensities versus
time during the above- and below-band-gap conversion stud-
ies described earlier in Sec. Il B were also performed.
Within accuracy, they followed their corresponding lumines-
cence band intensities, consistent again with the conclusion
above from the polarization studies that the ODMR is, in
each case, from the same defect that produces the lumines-
cence.

V. UNIAXIAL STRESS STUDIES OF THE ZPL’'S

In Figs. 13 and 14, we show the splittings produced by
uniaxial stress along three different crystal directions for the
singlet and triplet ZPL transitions & and B, respectively.

In all four cases, the splitting into 3, 4, and 6 lines for the
(100, (111), and (110) stress directions, respectively,
uniquely determines the symmetry to be triclini€,{.%2
Some of the splittings are small and in an earlier publication
we concluded that they could be spurious, arriving at the
conclusion of higher symmetry in each c&3&lowever, fol-
lowing up on the lower symmetry conclusions from the
ODMR studies, we have carefully repeated the stress experi-
ments, and extended them to higher stresses. From these
studies, it is now clear that the splittings are genuine, the
several lines in each case arising from the number of in-

ous proof that thelefect being studied by the ODMR is in- €quivalent sets of defect orientations with respect to the ap-
deed the defect producing the luminesenand not indi- ! et ) ) STV
rectly involved. In ODMR studies, this issue is always one ofdifferent polarization properti€$,as illustrated in Fig. 15.
concern, and one that can only be directly addressed in this

manner.

plied stress direction. Each component is observed to have

A. Model for analysis

Such studies on a well-resolved spectrum at several mag- As summarized in Fig. 3, the excited emitting state arises
netic field and optical collection directions could potentially from the triplet or singlet combination of a loosely bound
be used to make an accurate determination of the optic@fective-mass-like(EM) s=1/2 electron with a deeply
dipole direction for the transition with respect to the defeCtbound(136 meV forA, 291 meV forB) s=1/2 hole. We
axes, another important bit of information concerning theynqqe| the response to stress, therefore, as that of the sum of
defect. It would be extremely difficult here, however, be-he contributions of the two weakly coupled individual par-

cause of the poor resolution in the spectrum, and it was Nofcjes. Consistent with this, we note that the splitiings ob-
attempted. However, the results for tagb, andc orienta-

tions in Fig. 12 by themselves provide some information forymqst identical. In what follows, we will therefore concen-
33, in this regard. Their polarization properties can _betrate our analysis on th&S, and 3S; results only.
matched reasonably well assuming the dipole moment direc- £q; the deeply bound hole, we utilize the generalized

tion to be primarily in the 2-3 plane, approximately 55° from yeatment of KaplyanskfiZ where the change in energy of a
the +2 axis and 35° from the+3 axis.(The light was col-

lected from thg 110] surface of the crystal, and in analyzing

the polarization properties, proper correction for refraction a

the surface was necessary to obtain the coiirgetnal per-

served for the triplet and singlet states of each system are

particular defect orientation in a cubic crystal can be ex-
Pressed as

OE=A10yt+Arayyt Azoyyt Asoyyt Asoy,+ Agozy,

pendicular polarization directions. 2
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FIG. 13. Splitting of theS, PL ZPL’s under(a) (111), (b) (100), and(c) (110 stress at-14 K.
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FIG. 14. Splitting of theSg PL ZPL's under(a) (111), (b) (100, and(c) (110 stress at-14 K.

where theA; form the elements of a piezospectroscopic ten-where the 6-component vector notation denotes the coeffi-

sor, which describe the linear shifts versus stress, andjhe cient of the valley oriented along thego, —Kigo, Koio,

are the elements of the symmetric stress tensor resolvedKkgqg, Koo1, and —Kkggy directions, respectively. The energy

along a set of cubie=[100]’, y=[010]’, z=[001]" axes, shift of the jth valley, with respect to the center of gravity

defined for that defec{At this point there is no established for all of the valleys, under applied stress of magnitide

relationship between the cubic axes defined for a specifi¢positive for tensioncan be written as

defect orientation detected in the ODMR spectra, Fig. 11,

and those for the optical stress splittings defined here, or for = oA 1

the four choices of defect orientation for each of the six sets OBj=E,T(su~ sl (kj-F)"= 3], @)

of permuted axey.For a defect ofC; symmetry, all six

components oA, are required, which can be uniquely deter- wherek; is a unit vector along thé100) direction of thejth

mined using Table |1l of Ref. 22 from the splittings producedvalley in k space,F is a unit vector parallel to the applied

by stress along thé100), (111), and(110 directions. stress in real spaces, is the shear deformation potential
For the electron, we follow the simple deformation poten-(8.77 eV for the free electronands,; ands,, are elastic

tial treatment developed for the EM shallow donor in moduli of the crystal. This causes linear splittings within the

silicon?* where, in cubic symmetry, the sixfold degeneracyT, andE states versus applied stress along a cube axis, but

of the (100) conduction-band valleys causes the groul 1 also introduces off-diagonal coupling between feand E

hydrogenic state to split into three distinct energy statestates, with corresponding nonlinear effects for them.

given by a IS modulating envelope function times the fol-  In the analysis, we will consider two distinct models. In
lowing linear combinations of the valleys: the first model, we assume tidg EM state for the electron
to be lowest in energy, as is the usual case due to the Cou-
singlet A1=(1/\/5)(1,1,1,1.1,1, lomb attractive central cell effect, which in this case arises
from the positive bound hole. In the second model, we take
doublet E,=(1/V/12)(2,2-1,~1,—1,—1,— 1), the E state lowest. The rationale for this second choice is
twofold: (1) the 65—66 meV binding is larger than that for
=(1/2)(0,0,1,1;-1,—1), the usual neutral chemical donors, af®) the presence of
copper in the core of the defect could supply an empty lo-
triplet Tp=(1/\2)(1,—1,0,0,0,0, 3) calizedd state ofe symmetry that, by mixing with the EM
electronE state, might lower it preferentially. In each case,
Toy=( (172)(0,0,1~1,0,0, we will allow an internal stress resulting from the low sym-

metry of the defect core to split the EM states in the absence
of externally applied stress.

In either model, the electron experiences no splittings
from (111) stress, so that values fdk,, As, and Ag are
immediately determined from thil11) results. In addition,

(b) including, for convenience, the hydrostatic component for
the electron into that for the hole, the sum,(t+A,+A3)/3
is also determined. The values for these parameters, deter-
mined from the initial low stress slopes, are included in
(a) Table I, and the corresponding match to #l1l) stress
results for3S, is given in Figs. 16 and 18. We note a small
m additional quadratic term emerging at high stresses, the ori-
i AN B CYS RS SV bt gin of which could presumably come from either the electron
9 D ol )??fnev) 988 970 or the hole, but which we will ignore in the following analy-
¢ sis. For the(100) and (110 stress results, we must include

FIG. 15. Polarization dependence of tA8, ZPL's under 98 the contribution from the electron, which differs for the two

MPa[001] stress at 4.2 K(a) E[|[001]; (b) EL[001]. models.

T,,=(1/1/2)(0,0,0,0,1 1),
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FIG. 16. Theoretical fits to théS, stress splittings using model
I (A; ground statgfor (a) (111), (b) (100, and(c) (110 stress
and the parameters of Table II.

FIG. 17. Calculated energies for thS, bound electron $
manifold for model | @; state lowegt under externally applied
compressive stress along the defg@01]’ axis. The parameters
used for the calculation are those of Table Il that were determined
from the fit shown in Fig. 16. Shown by arrows are the relative

In Fig. 16, we include a match to thﬁSA stress results, positions of the additional excited states inferred from the PLE
assuming theA; EM state to be lowest, £, below theE  studies.
state in the absence of internal or external stresses.AThe
parameters for the hole, and the various parameters for theroduce the crossover in the two lower branches. The value
EM electron are included in Table I{The specific assign- of =2, for best fit is reduced somewhat from the free electron
ment of the thred111) stress-determined valuesAq, As, value (8.77 eV}, but this is not inconsistent with similar re-
and Ag has been made for the best fit to tfiel0) stress ductions observed for the deeper, and hence more localized,
results, which by containing boty; and oj; stress compo- chemical donor states.
nents, serves to establish the same set of defect axes for all Although the general features of t§@00) stress results
six components.Internal stresses;jo have been included are reproduced, the fit is not really satisfactory; the positive
along thex, vy, z cubic axes of the defect, which serve to increase before turnaround in the upper branch at low
shift and split the EM states in the absence of externallystresses substantially exceeds the theoretical fit. The results
applied stress, as shown in Fig. 17. Here we see that thier the fit to 3Sg data, not shown, suffer the same difficulty.
presence of an internat,, tensile stress causes an exter-To better match th¢100) results, we now consider the sec-
nally applied[001]’ compressive stredshe prime denotes ond model.
that it is along thez axis defined by Eq2) for the defectto
first reduce the total stress along that direction providing an 2. E state lowest
:,CEEL Sirr:::?:alazzzltpéeasrlr?apzr:grr:hva]ler?r&in?cﬂsaﬁi]e f es?rzrs%/ ' , In Fig. 18, we show the best fit we have obtained for the

is zero, and then decreases. This has been necessary in org eﬁc tsrgﬁéss:gfeufIcs)t:/lg;rt]g'lfrzzn\}/aizguzsztl:mptloz:r;?naettgse aEr'\e/I
to try to match the behavior for the upper branch of Fig. : 9p

: also given in Table Il. In Fig. 19, theSLEM states, as split
16(b). The smaller internal stress =— serve to oo ' . ’
&) €50 Tyyo by the built-in stresses, are shown again versus stress along

the defect[001]’ axis. Here, we see that a substantially

1. A, state lowest

TABLE II. Hole and electron parameters for the fits to &),
and 3Sg stress resultgl) or (1) denotes the model with the EM,

or E state assumed lowest, respectively. 8 ~ ~ -
a) Fll{any ki b.) F 11 (100) c.) Fll(110)
Parameter 35,(1) 33,(11) 335(1) 3S5(10)
A.(meV/GPa) 6.5 5.0 11.0 4.0 s
A, 4.5 1.0 —-1.0 -1.0 E
Aq -21.0 —-16.0 -240  —17.0 E
Ay -2.0 12.3 6.2 4.5 3
As 12.3 -2.0 7.8 6.2 2-
Ag 10.2 10.2 4.5 7.8
AL+ AT A,) -3.3 -33 —-4.7 4.7 24
6A.(meV) 14.0 -30.0 15.0 —-30.0
= (eV) 73 70 73 65 00 02 04 06 00 o.g 04 06 00 02 04 06
Compressive Stress (GPa)
Tyxo(GPa) 0.008 0.015 0 -0.022
ayy0(GPa) —-0.008 —0.015 0 +0.022 FIG. 18. Theoretical fits to théS, stress splittings using model
o,0(GPa) —-0.265 —-0.170 -0.245 -0.165 Il (E ground statefor (a) (111), (b) (100), and(c) (110 stress and

the parameters of Table II.
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' T T for several reasons. We have already mentioned the difficulty
407~ = 7 of polarization studies of the ODMR transitions. In addition,
in the optical studies there is evidence of changes in the
%“___:ii polarization properties versus stress making it possibly unre-
£ T liable to attempt correlation with the ODMR results, which
£ 207 2o ] are obtained at zero stress.
D —]
g E(+) 4. Comparison to PLE spectroscopy
Yoo E(-) ] The photoluminescence excitation spectroscopy studies of
Beckettet al® detected several higher lying excited spin sin-
0o o2 o2 o glet states for both thé and B configurations. For thé

configuration, they were estimated to be at 11.0, 27.7, and
Compressive Stress (GPa) 29.5 meV above the lowest-energy singlet state Bpthey
were 11.9, 26.4, and 29.6 meV. We here investigate the two
manifold for model Il E state lowest under externally applied models above to see if elthelt (.)r both can supply an identifi-
compressive stress along the defp@01]’ axis. The parameters C"?‘“‘?” of these st_ates as arising from_ the other EM states
used for the calculation are those of Table Il that were determinedVithin the 1S manifold for the excited singlet state. We ex-
from the fit shown in Fig. 16. Shown by the arrows are the relativeP€Ct the relative positions of these states to be similar to

positions of the additional excited states inferred from the PLEthOse within the triplet spin state, as given therefore in Figs.
studies. 17 and 19, at zero external stress. To aid this comparison, we

have noted by arrows the positions of these PLE-determined
gxcited-state levels with respect to the lowest EM state at
zero external stress in the figures.

Consider model | A; state lowest as shown in Fig. 17.

FIG. 19. Calculated energies for thtS, bound electron $

greater initial rise and curvature for the lowest-energy stat
under[001]" applied stress now can arise from a level anti-

crossing of thee states as the intermai,, is canceled by the The fit to the stress-splitting data turns out to be relatively

applied stress. Again, a smat,,,=— oy has been intro- . L . X

duced, in this case adjusted to supply the degree of anticrosgf;(ias?:\glt\cl)? t%;?éuo\:v:;jjiﬁttig?nfbgntgg V\\llﬁlﬁz Sgﬁ e(gf 24
ing level repulsion required to match the curvature of themev withy slight ad'ustmentyof the other parameters. to
upper branch of Fig. 18) in detail. ' g ) P

As seen in the figure, this greatly improves the fit. Acompensataz_z.ﬁ As a res_ult, n derlv_mg the specific param-
Lo eters given in Table I, it was possible to further restrict the
similar improvement occurs for th&Sg results. - .

A; to lower E-level splitting at zero applied stress to match
the 11.0-meV PLE excitation energy, as shown in the figure,
still with a satisfactory fit. This, in turn, automatically places

Except for agreement now on the symmetry classificatiorthe upperE state close to the 27.7-meV PLE excitation en-
of the two configurations, there is no direct connection be€rgy. Finally, since the placement of the center of gravity for
tween the orientation of the principal axes of the ODMRthe T, states is arbitrary in our analysis, we have, in the
spectra given in Fig. 11, and the axes determined from théigure, placed it so that th&,, , states end up also in the
various branches of the stress-split optical spectra as defingéigion of the 27.7- and 29.5-meV excitations. A logic for this
by the piezospectroscopic tensr For a low symmetryC,  placement is that, in so doing, tfi, center of gravity is
center, the same number of distinct branches must occur i35 meV above the ground, state, ending up therefore
the optical stress results for the various stress directions as Hose to the expected EM binding energy value of
the ODMR spectra with the magnetic fieBloriented along ~30 meV. Alternatively, we might have chosen a lower
the corresponding direction. This is because, by symmetrygenter of gravity for theT, states so that thd,, state
they each correspond to the same set of orientations that areatched the 29.5-meV level. In any event, it appears that
equivalent with respect to the orientation of the applied permodel | has sufficient flexibility to satisfactorily accommo-
turbation. So there is no clue there. The necessary informadate the PLE excitation results. Very similar results are
tion could only come from detailed correlation of the optical found for the model | match to th&Sg results.
polarization properties of each. Comparing the polarization However, in the case of model Il, Fig. 19, accounting for
properties described for the ODMR spectra in Sec. IV B withthe PLE excitations is somewhat less satisfactory. On the
those evident in Fig. 15, for which the optical viewing direc- positive side, theo,,, and oy, components required to
tions are closely similar, suggests that the individual threenatch the curvature of the upper branch of {160 stress
split lines of increasing energy in the optical studies couldresults provide splittings between thg, and T,, states,
correspond to the defect orientations labededd, c, respec- which match closely for both’S, and 3Sg the splittings
tively in the ODMR studies. If so, the piezospectroscopicbetween the two higher-energy states seen in the PLE. The
tensor[100]’,[010]’,[001]" axes of Eq.(2) would corre- center of gravity for th@, states has therefore been selected
spond to theg100], [010], [001] axes, respectively, of the to make this obvious match in Fig. 19. In so doing, its center
specific defect orientation shown in Fig. 11. This would of gravity again lies close to the expected EM value, as
mean that the principal internal strain component, is  might reasonably be expected. However, the model leaves
along the[001] axis for the defect orientation shown in Fig. little flexibility in the position of the E+) level, and it does
11. Howeverthis identification must be considered tentative not appear possible to raise it sufficiently to satisfactorily

3. Comparison to the ODMR symmetry determination
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match the first PLE level and still match t§&00) stress either conversion study, the sum of tAeand B concentra-
results for either’S, or 3Sg. tions, as monitored by their PL intensities, has been observed
Another possibility for an energy-level crossing is if the to be constant within experimental accuracy during the con-
T, state were lowest. It is possible, of course, that the unocversions. We have found no evidence therefore of a third
cupied copped orbital is of t, symmetry, makingT, the intermediate and unseen configuration, as suggested in an
lowest 1S EM state. However, in that case, the level crossingearlier studyg.
would be a true crossing, giving a sharp, not rounded, slope (4) Combining theB— A barrier with the energies for the
change to the upper transition in t{&00) stress results, gptical transitions leads to a simple configurational diagram

since Eq.(4) provides no off-diagonal coupling between the for the defect, as given in Fig. 3, locating the single donor
T, states or from them to the other states. Therefore, we havg, g positions for the defect aE,+0.136 eV andE,

notAc%nsidered thi? po(sjsib_il;]ty fg.rlther‘ Th del with th +0.291 eV forA and B, respectively, and with no other
nd so, we are faced with a dilemma. The model with the onfiguration involved. Evidence for an additional available

E state lowest fits the stress dgta extr_emely well. It_does norcgegative charged state for theconfiguration has been pre-
appear, however, to supply a simple direct explanation of the

9 . .
first excited PLE state. The model with thg Atate lowest j}g;t%? t?; %?ﬁ:toﬂ' th?gtqvl;lgs?iz\r:e no direct evidence one
appears incapable of a good match to the stress results, but . L . .
it D g (5) Attempts to establish which is the stable configuration

potentially capable of accounting for the PLE states. In order " . X
to more properly identify the parentage of the PLE states, it the positive charge of the defe(cetqulvalent to the excited
would be highly desirable to study the effects of appliedEM state of the neutral statevere inconclusive due to an
uniaxial stress on the PLE spectrum, as has successfully be@Rparent difficulty in producing the defects patype mate-
done via absorption studies in the case of a different neutrdial- The question therefore aistability versus simpleneta-
donor luminescent systefh,and used to unravel its excited Stability has not been answered conclusively, and this final
EM structure’® In the absence of such results, however, weimportant feature required to fully complete the CC diagram
must accept the present uncertainty. We recognize that theremains uncertain.

remains flexibility in the positioning of th&, levels to ac- (6) The general features of the ZPL stress-splitting results
count for some of the PLE levels, and, of course, we canndbave been successfully modeled in terms of a Kaplyanskii
rule out the possibility that low-lying excited levels for the piezospectroscopic tensor response for the deeply bound hole
bound hole play a role. Evidence for this might be cited inplus the deformation potential response for a Coulombically
the nonlinear effects evident in Figs.(@band 18a), which  bound effective-mass-like electron. Two models have been

are not accounted for in the EM approximation. presented, one with the effective masg state lowest, the
other with theE state lowest, each perturbed by the reduced
VI. SUMMARY AND CONCLUSIONS symmetry of the defect core. THe state supplies a signifi-

cantly better match, but is less successful in accounting for
We have established the following concerning this muchthe PLE spectra previously determined for the centers.
studied metastable PL system in S-doped silicon. In conclusion, a great deal is now known concerning the
(1) The presence of an impurity atom with 2100%  defect. It involves an impurity with nuclear spir=3/2, pre-
abundantl =3/2 nucleus, deduced indirectly from previous sumably copper, plus one or more sulfur atoms. It is a deep
studiest? has been confirmed by the direct detection of itsdonor with two configurations between which it can cycle
characteristic 4-line hyperfine structure in the ODMR spec-under optical excitation or thermal recovery at cryogenic
trum of both theA and B configurations. The evidence for temperatures and each has triclinic symmetry. Its lumines-
the involvement of copper in the defect, as previously sugeence results from a transition from its neutral excited

gested by these authors, is therefore confirmed. effective-mass state to its ground deep neutral donor state for
(2) The symmetry for each defect configuration has beerither configuration.
unambiguously established to be triclini€4). This has We still do not have, however, sufficient information to

been established both from the ODMR studies and the stressestablish a detailed microscopic model for each of the con-
splitting studies of the ZPL'’s for each configuration. This figurations. Attempts at optical detection of ENDOR have
result serves to correct previous conclusions from ODMRnot been successful, ruling out the valuable structural infor-
studies that suggested highéZ,() symmetry for configura- mation that might be available from the additional magnetic
tion A.13 and electric quadrupole information that it can often provide.
(3) From the study of the optically induce&l—B conver-  However, a reasonable guess is that it involves a single sub-
sion, we have established that the energy dumped into thgfitutional sulfur atom paired off with an interstitial copper
vibrational modes of defedh when it luminesces does not atom. That only a single sulfur atom is involved has been
supply a significant mechanism for the conversion. In addisuggested by Browat al2 who reported a linear dependence
tion, our results suggest that for below effective band-ga®f the PL intensity with sulfur concentration. That it is sub-
excitation, i.e., the phonon-assisted free exciton formatiorstitutional is suggested by its bulk incorporation only after
energy, direct optical excitation of the defect provides themany hours at-1200 °C. That the copper atom is interstitial
dominant mechanism, as opposed to exciton capture, whicis consistent with the rapid formation of the pair at
has been argued to provide the dominant mechanism for ex- 700 °C, and also with the low migrational barrier required
citation energies above the free exciton formation energyor one of the pair to account for the easy configurational
threshold® Detailed study of thé8— A recovery has estab- changes of the complex at cryogenic temperatures. Consis-
lished the thermal activation barrier to be 0:10.01 eV. In  tent with this, we note the repdPtof easy reorientation at-
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cryogenic temperatures for the 1.0145-eV luminescence sy8/e conclude that such a model represents the best present
tem, noted in Sec. | to display similar phonon structure to thecandidate for thes-related luminescence in silicon.
S-related defect, and identified to be a Cu-Cu pair in silicon.
It is tempting therefore to consider as guides the models
of other interstitial-substitutional pairs that have been identi-
fied to have similar metastability and for which detailed The research at Lehigh has been sponsored jointly by Of-
structures have been determined. These include interstitifice of Naval Research Grants No. N00014-90-J-1264 and
carbon paired off with either substitutional carBbror ~ N00014-94-1-0117, and National Science Foundation Grant
phosphorus! In both cases, it is the interstitial carbon atom No. DMR-92-04114. The research at King’s College London
that hops from one nearby position to another, and the lovhas been supported by the Science and Engineering Research
symmetry arises from the fact that the interstitial atomCouncil (SERQ. We acknowledge financial support from
nestles into bonded interstitialcy configurations with its SERC, making possibla 3 month visit by G.D.W. to King's
neighbors, rather than occupy the tetrahedral interstitial siteCollege London for part of this work.
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