PHYSICAL REVIEW B

VOLUME 39, NUMBER 18

Structure of the 0.767-eV oxygen-carbon luminescence defect
in 450 °C thermally annealed Czochralski-grown silicon

W. Kiirner, R. Sauer, A. Dornen, and K. Thonke
Physikalisches Institut, Universitdt Stuttgart, Pfaffenwaldring 57, Postfach 8011 40,
D-7000 Stuttgart 80, Federal Republic of Germany
(Received 28 November 1988)

The oxygen-carbon luminescence defects with no-phonon emission at 0.767 eV (“P line”) and 0.79
eV (“C line”) created in pulled silicon after 450 °C thermal annealing or electron irradiation, respec-
tively, are investigated in a comparative study. This includes investigation of all major local modes
in samples 3C or '®0 enriched to practically 100% abundances. Many new isotopic line shifts are
observed on both spectra, and those already reported in the literature are confirmed. Striking simi-
larities in the two vibronic sideband spectra, the sensitivity of the individual local modes to carbon
or oxygen isotopic substitution, and the nearly identical electronic properties of the two defects lead
us to conclude that the defects possess an identical “core.” The core structure is identified as the
isolated interstitial carbon C; (a bonded carbon-silicon pair along (001) sharing a substitutional
site) as adopted from the recently published model of the 0.79-eV center. The defects are dis-
tinguished by their oxygen structure (which for the 0.79-eV defect was identified as an interstitial
oxygen atom O;). We argue that in the 0.767-eV center a di-oxygen molecule or a more complex ox-
ygen aggregate deriving from the molecule is bonded to C;. Evidence for this is taken from litera-
ture data on di-oxygen formation kinetics and from our observation of the C line in heated silicon
proving the presence of interstitial carbon as a result of self-interstitial generation in the process of
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oxygen pairing.

I. INTRODUCTION

When high-oxygen-content Czochralski-grown silicon
is thermally heated at around 450°C for 1 h to several
hundred hours, many sharp photoluminescence (PL) lines
emerge in the range from near-band-edge energies around
1.1 down to ~0.77 eV.! In the early stages of the an-
neals, up to some 10 h, there are mostly two prominent
lines, at photon energies of 0.767 and 0.926 eV, usually
labeled the P line and H line, respectively.! After the
original report of the lines by Minaev and Mudryi,' the P
line, in particular, was intensely studied. Doping investi-
gations on pulled (i.e., oxygen-rich), high- and low-
carbon-content silicon seemed to indicate that carbon is
unfavorable for the P-line center suppressing or slowing
down its formation.>~* In contrast, PL measurements on
13C isotopically enriched silicon showed a broadening and
high-energy shift of the 0.767-eV transition which was in-
terpreted as being due to an isotope effect indicative of
the incorporation of carbon in the optical center.>® Oth-
er work focused on the electronic properties of the
0.767-eV defect. It was found in uniaxial-stress measure-
ments that the defect belongs to the monoclinic I (Cy;)
symmetry point group’ and possesses an effective-mass
(EM) -like electron-excitation spectrum in its luminescent
state, classifying the defect as a deep-hole trap at
E,+368 meV.%° Two strong local modes were identified
in the PL spectrum and could also be detected as anti-
Stokes lines in photoluminescence excitation (PLE) spec-
troscopy.®® All these data, though potentially important
for a microscopic identification of the center, were not
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strong enough to deduce a specific structure. Much of
the interest in the 0.767-eV center apparently originates
in its formation conditions! ~* being identical to those of
the 450-°C thermal donors!? in the initial annealing pro-
cess of virgin oxygen-rich silicon: The defect grows in at
around 400°C, peaks in luminescence intensity at
450-500°C, and disappears at slightly higher tempera-
tures of 550—-600°C. Involvement of oxygen in the for-
mation of the defect is obvious as the 0.767-eV line is not
observed in oxygen-lean float-zone silicon. However,
direct proof that oxygen is incorporated in the center (as,
for example, by an oxygen isotope shift) has not yet been
given.

It was noted in previous publications®® that the elec-
tronic properties of the 0.767-eV defect are very similar
to those of the 0.79-eV (“C line”) optical center. This
center is dominant in oxygen- and carbon-rich silicon
after damage by electron irraditiation in the 2-MeV range
and partial annealing between room temperaure and
400°C. Isotope effects on the 0.79-eV no-phonon (NP)
transition and on associated local-mode satellites in the
PL spectrum showed that oxygen and one carbon atom
are part of the defect and gave also evidence for the par-
ticular role of a silicon atom in the structure.>%!112 Ab-
sorption studies'® demonstrated the identity of the optical
0.79-eV defect and the infrared C(3) defect associated
previously with a C;-O; center, with oxygen not directly
bonded to carbon.!*!5 This suggestion was essentially
confirmed in recent work which advanced a detailed
model: Trombetta and Watkins'® used stress-induced
alignment measurements to show that the 0.79-eV line, as
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observed by PL, and the Si-G 15 defect spectrum, as ob-
served by electron paramagnetic resonance (EPR), do
arise from the same defect. The G 15 center was, in turn,
identified by EPR as an interstitial carbon atom trapped
near an interstitial oxygen atom. (This model is shown in
Fig. 9.) With this microscopic model and a tremendous
amount of available optical data, the 0.79-eV defect is—
together with the 0.97-eV C,-S;-C, defect!”—the best
understood structural luminescence defect in undoped sil-
icon.

The present paper is a comparative study, with the dis-
cussion of the microscopic structure of the P line defect
based on the model of the 0.79-eV defect. Experimental-
ly, we study the 0.767- and 0.79-eV defect lines and their
associated sidebands down to low energies with large sen-
sitivity. In particular, oxygen and carbon isotope effects
are investigated showing that the dominant lines in the
two electronic-vibronic bands are equivalent with respect
to carbon but inequivalent with respect to oxygen. This
leads us to identify the split interstitial (C-Si) pair as the
core of the 0.767-eV center as well. An oxygen structure
is suggested using literature data on di-oxygen formation
at 450-°C heating. Enhanced production of the 0.767-eV
spectrum in silicon irradiated at increased temperatures
in the range 200-300°C and the observation of the 0.79-
eV line in 450-°C-annealed silicon without damage are
critically discussed in view of the new model and found to
be consistent with it.

The paper is organized in six sections describing exper-
imental details (Sec. II), luminescence spectra extended to
low photon energies (Sec. III), isotope effects (Sec. 1IV),
the defect model along with a discussion (Sec. V), and a
summary (Sec. VI).

II. EXPERIMENT

The PL measurements were carried out in a standard
luminescence setup. The samples were strain-free mount-
ed in an optical cryostat equipped with fused silica win-
dows, and kept at a controlled low temperature. The ex-
citation was performed using the 647-nm Kr-ion or 514-
nm Ar-ion laser lines at maximum powers of 1.5 W. The
luminescence light was dispersed by a Spex Industries 1-
m grating monochromator or a Jobin-Yvon 0.6-m grating
monochromator. Small isotope shifts on NP transitions
were recorded with high spectral resettability as de-
scribed previously:'® The monochromator is set fixed to a
wavelength close to the peak of the line under investiga-
tion, and the spectrum is scanned by rotating an electri-
cally driven quartz plate in the optical beam inside the
monochromator. The achieved resettability accuracy is
estimated to be +0.001 nm. All isotope effects were ob-
tained by comparing '*C- or '®0-enriched samples with
ordinary silicon under identical experimental conditions.
The monochromator and, partially, the optical path out-
side the instrument were purged to diminish perturbing
atmospheric absorption in the spectral regions investigat-
ed. Cooled Ge, InAs, or PbS detectors were employed
for light detection, and the signals were processed by con-
ventional lock-in techniques.

The samples in this study were Czochralski-grown sil-
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icon with variable amounts of carbon up to some 10"
cm 3. They were annealed at 450°C for several hours to
produce the 0.767-eV spectrum or were irradiated either
at low temperature (~100 K), room temperature
(<50°C), or higher temperature (200-300°C) by 1.5-2-
MeV electrons at doses of <10'® cm™2 to create the
0.79-eV defect. Isotope effects were studied in two
different kinds of samples. (i) 1*C was introduced into the
melt to an amount exceedings the concentration of 2C by
orders of magnitude. The 100% abundance of '*C in the
pulled crystals was tested by infrared-absorption mea-
surements on the 607-cm ! ('2C) and 589-cm ™! ('3C) lo-
cal modes of substitutional carbon,'* or by observing in
photoluminescence the “E” local mode of the 0.97-eV
center known to be sensitive'® 22 to isotopic substitution
of 12C by 3C. (ii) 0 was introduced in a specifically
constructed diffusion apparatus.”® The starting material
was float-zone silicon cut into square-based long rods of
typical sizes 3X3X 120 mm®. These rods were sealed in a
quartz ampoule in an ambient of 30 gas under a pressure
of 160-200 Torr and heated to ~1400°C for up to 2
weeks to diffuse the '®0. Heating was performed in a
“light oven” by light from four halogen lamps carefully
focused onto the rod so as to leave the quartz ampoule
cool and, hence, to avoid out-diffusion of naturally abun-
dant '®O from the ampoule. After diffusion the crystals
contained ~90% '®0 and ~10% '%0 on the average in
the bulk as monitored by the 9-um infrared-absorption
band of interstitial oxygen?* measured at 4.2 K in a
Fourier spectrometer. In photoluminescence, which is
more sensitive to the surface, no significant contribution
of 10 was observed in any of the emission lines of the
180.enriched samples.

III. LUMINESCENCE SPECTRA

Photoluminescence spectra of the 0.767- and 0.79-eV
defects are plotted in Fig. 1 down to energies of 0.56 eV.
The absolute positions of the lines and their displacement
energies from the corresponding NP transitions are listed
in Table I.

We discuss the C line (0.79 eV) spectrum first. Earlier,
the local-mode satellites L1', L1, L2', L2, (%), (% %),
(«%x%), L3, and L4 were reported in the litera-
ture.>®111225 11 and L2 show fine structure on their
high-energy side due to '30. This was seen in 12% '®O-
enriched samples!"!? and, much more clearly, in speci-
mens containing %0 and %0 in a ratio of 1:3.>® In addi-
tion, there is a second fine structure superimposed on L2,
showing that this line is a triplet with relative intensities
consistent with the natural abundances of the silicon iso-
topes 28Si, 2°Si, and 3°Si. The spacing of the triplet lines
corresponds to the full silicon mass effect expected in a
harmonic-oscillator model.> Therefore, L2 and, most
probably, also L1 are primarily due to the vibration of a
silicon atom. The A line was depicted in various survey
spectra but was not discussed; the lines labeled by aster-
isks and L3 and L4 were observed as weak features.?’
Our present experiments reveal the following extra
findings: (i) The A line is always observed in the C line
spectrum at a constant intensity ratio to the NP transi-
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FIG. 1. Low-temperature PL spectra of the oxygen-carbon defects emitting no-phonon lines at 0.79 eV (C line) and 0.767 eV (P

line).

tion. Hence, it is part of the sideband spectrum. Carbon
and oxygen isotope shifts (see Sec. IV) confirm this con-
clusion. (ii) The (% %) line consists of two major com-
ponents, labeled a and b. Further weak components may
exist at lower energies, but are not certain owing to resid-
ual atmospheric absorption lines in this spectral region.
(iii) The spectral range around the (* * % ) line is also per-
turbed by absorption peaks; therefore this line could have
additional unresolved structure. (iv) The lines labeled
L5-L7 are new. The discussion of the local modes is
continued in Sec. IV.

Next, we describe the sideband spectrum of the 0.767-
eV P line. It was shown previously®® that the lines la-
beled 7 and 8 at that time are due to local modes of the
defect. The lines (now relabeled as L1 and L2, respec-
tively) are relatively sharp and are the dominant vibronic
lines in the sideband. In addition to these features, there
are a number of new lines which we report here: (i) The
present data (Fig. 1) strongly suggest that the line 6 previ-
ously ascribed to TO lattice phonons is an independent
local mode (now relabled L 1’) superimposed on the broad
TO lattice replica. (i) At lower displacement energies
(=~32 meV) from the NP transition, a doublet A emerges
which is also invariably related to the P line spectrum
and is ascribed here to a defect in-band mode. (iii) A
fourfold structure [(* %) a—d] is detected at lower ener-
gies. Again, due to residual atmospheric absorption be-
tween the b and ¢ components of this structure it is possi-
ble that b and c are only one single line close to an aver-
age displacement energy of 106.3 meV. (iv) A triplet L3,
L3', and L4 emerges at about twice the displacement en-
ergyof L1 and L2.

Comparison of the two spectra in Fig. 1 and in Table I
gives intuitive evidence that the 0.767- and 0.79-eV de-
fects possess very similar vibronic sidebands. This ap-
plies, in particular, to the dominant local modes L1 and
L2. The most striking difference is in the 90-meV region

where the (%) line of the 0.79-eV spectrum has no coun-
terpart in the 0.767-eV spectrum. Possible differences in
the 102—-108-meV region are not clear, but an equivalent
of the (% % %) line of the 0.79-eV spectrum definitively
does not exist in the 0.767-eV spectrum.

IV. ISOTOPE EFFECTS

The 0.79-eV spectrum will again be treated first. Previ-
ous PL work reported a well-resolved doublet structure
of the NP transition in silicon isotopically enriched as
[C]:['?C]=0.6:0.4, indicating one carbon atom per opti-
cal center.>!! In our isotopically “pure” samples, we ob-
serve the same line shift of 0.089 meV (Fig. 2), confirming
the earlier result. In addition, there is also a small oxy-
gen isotope shift of 0.024 meV on this line which was not
detected in the previous measurements. Figure 3 depicts
the isotope shifts of the L1 and L2 modes due to the sub-
stitution of %0 by '80. As we are recording single lines
in the individual samples, the accuracy is much better
than previously reported.”>®!? We have not aimed at also
detecting the weak fine structure on L2 due to the natu-
rally abundant silicon isotopes of mass 28, 29, and
30.>%12 L3 and L4 are sensitive to oxygen isotopic sub-
stitution, with shifts of 0.43 or 0.5, meV, respectively
(Fig. 4). Moreover, small carbon isotope shifts are seen
on L3 and L4, amounting to 0.15 or 0.3, meV, respective-
ly (Fig. 5). The (%) line, with iw=91.5 meV, is insensi-
tive to carbon isotopic substitution, but exhibits a large
oxygen isotope shift of 4.0 meV (Fig. 6). This is the full
size expected for a pure oxygenlike vibration in a
harmonic-oscillator model, (V'18/16— 1)#iwo=5.5 meV.
Finally, a small carbon and an even weaker oxygen iso-
tope shift are detected on the A line rather similar to
those on the NP line (Fig. 6). In this context it is neces-
sary to note that all shifts are calculated from the NP line
in the same material, i.e., the shifts given are net effects.
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FIG. 2. Carbon and oxygen isotopic shifts on the no-phonon
(NP) transition at 0.7894 eV of the C line spectrum.

Combining our results with previous data,>%1112 the
following picture arises. The dominant modes L1 and
L2 are mainly due to the vibration of a silicon atom with
a small influence of oxygen different for the two modes.
Carbon is not involved in these vibrations. The () line
is mainly due to vibrating oxygen and is not influenced by
carbon within experimental accuracy. The modes L3
and L4 were originally ascribed? either to independent
modes with #7io=138.4 and 145.3 meV, respectively, or to
combination modes involving L1+ L2 or 2X L2, respec-
tively. The latter interpretation is inconsistent with both
the carbon and oxygen isotope effect. As the sensitivity
of the modes to these atomic species is weak, far below
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FIG. 3. Oxygen isotope shifts on the L1 and L2 local-mode
replicas of the 0.79-eV NP line.
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FIG. 4. Oxygen isotope shifts on the L3 and L4 local-mode
replicas of the 0.79-eV NP line.

full-size isotopic shifts, and their vibration energies are
probably too high for any mode involving primarily sil-
icon an interpretation of their nature is not straightfor-
ward. It is interesting, however, that Bean et al.?® re-
ported several oxygen infrared-absorption modes in the
138-meV region for irradiated silicon containing carbon
and oxygen. In these cases, oxygen isotopic line shifts
were not measured. Davies et al.,!> when showing that
the optical 0.79-eV spectrum and the infrared C(3) spec-
trum originate from the same defect, identified the
138.4-meV L3 mode with the C(3) absorption mode at
1115 cm ™! (138.2 meV). Our data demonstrate that this
assignment is incorrect, as the 1115-cm ™! mode exhibits
the full carbon isotope shift (4.61 meV for *C-12C substi-
tution),!* whereas the L3 mode is influenced to only
~0.2 meV. We emphasize that this result has no bearing
on the concluded identity of the 0.79-eV and C(3) de-
fects,!> as this was derived from reaction Kkinetics
comparing irradiation-dose, annealing, and carbon-
concentration dependences of the two defects. A
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FIG. 5. Carbon isotope shifts on the L3 and L4 local-mode
replicas of the 0.79-eV NP line.
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FIG. 6. Oxygen and carbon isotope shifts on the (%) and A
local-mode replicas of the 0.79-eV NP line.

different possible assignment not mentioned by Davies
et al.’3 could be to identify the infrared 742-cm~! (92-
meV) mode with the optical 91.5-meV mode; this could
be tested by observing an oxygen isotope shift on the
former line as we have detected on the latter line. It is
consistent with the suggestion that neither line exhibits a
carbon isotope shift. The remaining lines in the 0.79-eV
spectrum can be assigned to combination modes,
L5=L2+(%), L6=L4+L1, and L7=L4+L2; these
assignments are consistent with the line energies and
their relative strengths compared to the parent one-
phonon lines.

Second, we discuss the 0.767-eV spectrum. The NP
transition shifts to higher energy by 0.079 meV upon
12C.13C isotopic substitution (Fig. 7). This is close to the
corresponding value for the 0.79-eV C line. On the other
hand, any oxygen isotope effect would have to be smaller
than 0.02 meV. The clear carbon isotope effect unambi-
guously confirms the participation of carbon in the de-
fect, corroborating the earlier less conclusive result by
Davies and co-workers>® and terminating the existing
controversy between isotopic spectroscopy and doping
studies.! ™ The main local-mode satellites L 1 and L2 are
insensitive to carbon isotopic substitution. The accuracy
limits in this measurement, =0.5 and *1 meV, respec-
tively (Table I), are conservatively calculated. They are
rather large as the data were obtained from a sample en-
riched in the bulk to ['3C]:['2C]=0.6:0.4, which exhibited
the C line spectrum strongly and, in addition, the P line
spectrum weakly. Therefore the L1 and L2 modes ap-
peared close to the shoulders of the much stronger (%) re-
plica in the 0.79-eV spectrum. Oxygen isotope shifts of
the L1 and L2 lines were studied in %0 and '*0 isotopi-
cally pure samples unperturbed by the presence of the C
line spectrum (Fig. 8). L2 does not shift, while L 1 exhib-
its a displacement of 0.3 meV. This behavior is different
from the L1 and L2 lines in the C line spectrum. The
shift of L1 directly demonstrates the incorporation of ox-
ygen in the 0.767-eV defect, which was not shown hereto-
fore. All other replicas in the P line spectrum were too
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FIG. 7. Carbon isotope shift on the no-phonon (NP) transi-
tion at 0.767 eV of the P line spectrum.

weak for isotope studies. It appears plausible to extend
the interpretation of the L3 and L4 lines in the 0.79-eV
spectrum as one-phonon modes to the present case. En-
ergetically, assignments L3=L1+L2 and L4=2XL2
can be made equally well. In this context, it is
noteworthy that Bean and Newman?’ in 450-°C-heat-
treated, high-carbon-content pulled silicon reported a
number of oxygen infrared-absorption modes in the range
130-137 meV, with associated carbon modes in the range
70—-85 meV. It was suggested that among the four dis-
tinct types of carbon-oxygen complexes observed, two in-
volve a carbon atom with two oxygen atoms, but the
atomic structure of these complexes was not specified. In
our spectra the nature of the L3’ band remains unclear at
present. The LS5 replica, interpreted as a combination
mode of L2 and () in the C line spectrum, does not ap-
pear in the P line spectrum, obviously consistent with the
fact that the (%) mode does not exist in the P line spec-
trum.
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FIG. 8. Oxygen isotope shifts on the L1 and L2 local-mode
replicas of the 0.767-eV NP line.
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V. DEFECT MODEL AND DISCUSSION

First, we recall a number of features common to the
0.767- and 0.79-eV defects as noted previously,g'9 demon-
strating the close relationship between the two defects.
We then use the above data on the PL sidebands and the
isotope effects, in conjunction with the 0.79-eV defect
model'® to discuss the structure of the P line defect.

(i) Both defects belong to the monoclinic I (C,;) point-
symmetry group as deduced from uniaxial-stress mea-
surements (Ref. 7 for the P line; Refs. 28 and 29 for the C
line), but are very close to tetragonal symmetry. The NP
lines do not split in a magnetic field up to 5.3 T and are
therefore singlet-to-singlet transitions. (ii) Both defects
exhibit effective-mass-like excited-electron spectra, with
electron-ionization energies of E,=34.3 meV (P line)
(Refs. 8 and 9) or E, =38.8 meV (C line).”>? As the NP
recombination lines are far below the band-gap energy
and differ only by 22.4 meV, it follows that both defects
are deep hole traps with very similar hole binding ener-
gies amounting to E, =368.2 meV (P line) or E;, =341.2
meV (C line). (iii) In the manifold of EM-like electron
state, the 1s ground state of the C line defect is split by a
total of 15.6 meV into five substates of symmetry 4,, T,
T./T,, E, and E * due to an internal defect-induced
strain field.?® Similarly, the 1s-electron state of the P line
defect is split by a total amount of 12.7 meV into five
substates (whose symmetry in the proper monoclinic or
tetragonal symmetry point group is not yet identified).®°
Therefore, a significant stress field also exists around the
P line defect, comparable in magnitude to the C line de-
fect.

In Sec. IV it was not shown explicitly that the L1 and
L2 modes of the P line are “‘siliconlike,” as for the C line.
We are now making this assumption, which appears to be
extremely likely given the general similarity of the two
sideband spectra and, specifically, the characteristic form
of the doublet L 1,L2 including almost equal vibration en-
ergies and the intensity ratio 2:1 for L1 and L2 in both
spectra. (The doublet could be viewed as a triply degen-
erate silicon mode split in an axial strain field into a sin-
gle mode and a perpendicular twofold-degenerate mode.)
With this assumption, the NP transitions, and the A, L1,
and L2 lines, are equivalent in the two spectra, with cor-
responding sensitivity to carbon isotopic substitution
(where measurable), but inequivalent with respect to oxy-
gen isotopic substitution. Most striking is this ine-
quivalence for the (%) mode, which is completely missing
in the P line spectrum. All these observations combine to
suggest that the two defects possess an identical silicon-
carbon “core” at which the deeply bound hole is prefer-
entially localized, with different oxygen structures.
Trombetta and Watkins'® recently identified the core of
the 0.79-eV defect (or the Si-G 15 defect) as being essen-
tially the Si EPR-G 12 center,”® a bonded carbon-silicon
(001) pair sharing a substitutional lattice site often la-
beled the ‘‘isolated interstitial carbon.” In the 0.79-eV
defect, the C; is trapped near an interstitial oxygen atom
O; as shown in Fig. 9(a). We identify in this paper the P
line defect as a (C;-Si;) pair near a di-oxygen molecule or
a more complex oxygen aggregate forming from a mole-
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FIG. 9. Upper part: ball-and-spokes model of the 0.79-eV
defect after Trombetta and Watkins (Ref. 16). The interstitial
oxygen atom O; lies in the (110) mirror plane of the defect
through the (001) axis of the (C;Si;) pair. The point symmetry
of the defect is monoclinic I(C,;). Lower part: Modell’s sug-
gestion for the 0.767-eV defect, with O; of the upper part re-
placed by a vacancy—di-oxygen (VO,) structure. More extended
oxygen structures deriving from VO, are discussed in the text.

cule. For definiteness, we describe the di-oxygen complex
as the vacancy-di-oxygen (VO,) structure as shown in
Fig. 9(b) and postpone certain discrepancies in literature
data relating to such complexes to a later discussion.

The di-oxygen structure of the 0.767-meV defect is
concluded from the production of the center at 450-°C
thermal annealing. We use, essentially, the results of
Newman et al.3! 33 obtained in studies on thermal donor
formation under the same experimental heating condi-
tions of Czochralski-grown silicon as necessary for the P
line formation. These works were concerned with the
fate of dissolved interstitial oxygen present in the starting
material when the silicon is heated up. In high-oxygen-
content and high-carbon-content silicon it was found that
two oxygen atoms are lost from solution for one carbon
atom at 450-°C annealing.’*33 (This result is confirmed
by unpublished data of Weman et al.>*) Here carbon
plays the role of a marker to monitor the following pro-
cess which was proposed:31™3% Pairs of oxygen atoms
that are initially close together in the as-grown crystal
due to their statistical distribution, diffuse (at their nor-
mal equilibrium rate) and form di-oxygen complexes. In
this process, self-interstitials are produced to accommo-
date the volume change. They diffuse through the crystal
and are selectively trapped by carbon atoms, which are
themselves ejected into interstitial sites.3® This explained
the simultaneous losses of oxygen (O;) and carbon (C;) in
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a 2:1 ratio. We now suggest that it is this process that
gives rise to the formation of the P line defect: The inter-
stitial carbon C; which is mobile at T'% 300 K is trapped
near a di-oxygen complex, so that the whole formation
process is described by the sequence of reactions

450°C
0;+0; — 0,58, (1a)
Si; +C,—C; , (1b)
C;+0,—0.767-eV defect . (1c)

In the following we give independent evidence for the
production of C; in the heating process, thus confirming
the Newman model, which is crucial for our model of the
P line. Whereas the infrared measurements®! ~3* detected
the simultaneous Joss of oxygen, O;, and carbon, C,, we
monitor —in the next stage of reaction kinetics—the gen-
eration of C; with the high sensitivity of photolumines-
cence through the accepted reaction!?

C;+0;—0.79-ev defect . ()

Here, the C; interacts with oxygen in solution which has
not undergone pairing. In fact, we detect in all heated
pulled silicon samples the C line spectrum in addition to
the dominant P line spectrum. The C line is weak prob-
ably as the defect is essentially annealed out at 450 °C (the
usual annealing temperature is around 400 °C after defect
production by irradiation®®%?), and we are observing a
small surviving portion of the original, much higher, de-
fect concentration. There are indications in the literature
that in all work on the P line the C line was also present,
but this fact has not been explicitly stated before:
Minaev and Mudryi,! in their original paper on the
luminescence from thermally annealed pulled silicon,
show P line spectra which in all cases are accompanied by
a weak peak at the position of the C line at 0.7894 meV.
This was also the case in later work,? where this weak ex-
tra line was labeled line 1. Do6rnen et al.” resolved a
closely spaced triplet at this position with relative intensi-
ties varying from sample to sample, thus indicating that
these lines are due to independent optical centers. The
photon energies of the lines are’ 0.7883 eV (line 1),
0.7894 eV (line 1"'), and 0.790 eV (line 1'”'). A weak peak
close to 0.79 eV is also seen in P line spectra shown by
Weman et al.3* After these findings, we reviewed many
spectra recorded previously from a great variety of
Czochralski-grown silicon samples heated at 450°C. In
all cases the lines around 0.79 eV were present. We
demonstrate with a particular sample that line 1" is, in
fact, the NP transition of the C line defect (Fig. 10). In
this sample, the triplet is seen at low temperatures. At
elevated temperatures, line 1’ decreases relative to line
1", and line 1'" is finally no longer resolved from line 1”.
At 20 K and higher temperatures, excited lines appear re-
sulting in the 50-K spectrum plotted in Fig. 10. This is
the typical spectral structure of the C line as published
previously.?>?>3 Hence, we have shown that line 1” is
actually the NP transition of the C line spectrum, and it
is evident that under 450 °C-annealing conditions the C
line defect always forms. This result, regardless of the
present discussion on the P line defect, lends support to
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FIG. 10. Lower spectrum: triplet structure of luminescence
lines 1’, 1", and 1" in an oxygen-rich silicon sample heated for
10 h at 450°C. Sample temperature is 4.2 K. -The P line at
0.767 €V (1.616 um) is more than 1 order of magnitude stronger
than the triplet. Upper spectrum: the same sample measured at
a temperature of 50 K. The shift between line 1’ and the peak
of the line Cy is due to the temperature-induced band-gap
shrinkage. Lines Cy—C, are the characteristic “fingerprints” of
the no-phonon C line spectrum (Refs. 25, 29, and 38). Photo-
luminescence intensities in both spectra are not to scale, and
resolution is much poorer in the upper spectrum than in the
lower one.

reaction (1a) and is thus a new independent confirmation
of Newman’s model of di-oxygen formation.

We now consider the usual formation process of the C
line defect. In this process irradiation initially produces
self-interstitials; these, in turn, change sites with substitu-
tional carbon atoms, thus, in turn, creating carbon inter-
stitials [Eq. 1(b)] that are finally trapped at isolated inter-
stitial oxygen atoms [Eq. (2)]. When the irradiation is
performed at low temperatures (e.g., at 100 K) and the
samples are stored at room temperature, only the C line
emerges, but there is no indication of the P line. Howev-
er, Pajot and von Bardeleben noted in electronic-vibronic
absorption studies® that electron irradiation at higher
temperatures (around 200°C) ‘‘simulates a 450-°C
thermal treatment.” In particular, they could not ob-
serve the P line in absorption in a sample annealed at
450°C for 10 h, but they did see the line when a second
test sample was irradiated for 5 h at a temperature of
200°C. In our experiments we find confirmation of these
observations as the P line intensities in photolumines-
cence are definitely much larger than in thermally an-
nealed silicon when the samples are irradiated at higher
temperatures estimated to be in the range 200-300°C.
This agrees with recent findings by Oates et al.*° on
enhanced oxygen migration in Czochralski-grown silicon
irradiated at elevated temperatures up to 500°C. The in-
creased rate of oxygen motion for T <300°C was ex-
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plained and successfully modeled by sequential capture of
a vacancy at O; (forming the VO or 4 center*""*?) and a
self-interstitial at YO again liberating interstitial oxygen.
For T > 300°C, beyond the range of stability of the inter-
mediate VO, evidence was given for superenhanced oxy-
gen migration by repetitive capture and release of vacan-
cies at O;. In the present case of the P line center,
enhanced oxygen motion under irradiation at higher tem-
peratures accelerates the process of oxygen pairing [Eq.
1(a)] and enhances the rate of formation of the P line de-
fect. In addition, self-interstitials are produced in the pri-
mary damage event, subsequently increasing the concen-
tration of C; and again favoring the formation of the
0.767-eV center. We note an experimental difference be-
tween the behaviors of the P line luminescence in samples
annealed at 450°C and electron-irradiated samples.
When the 0.767-eV spectrum is created by thermal an-
nealing, the PL intensity is relatively low at or near 4.2
K; it increases drastically for elevated temperatures, up
to a factor of ~300 for T=30 K, before it is quenched
upon further temperature increase. This behavior was re-
ported previously? and has been confirmed in our later
experiments. On the contrary, when the P line lumines-
cence is created in irradiated samples, the low-
temperature PL intensity is constant for temperatures up
to ~30 K. An explanation is not straightforward, but
could be sought in the production of various deep centers
in the damaged crystals strongly binding photoexcited
charge carriers, which, in the annealed samples, are
loosely bound to shallow impurities and thermal donors,
and can be thermally released to be captured at 0.767-eV
centers at increasing temperatures.

We return to the models of the 0.79- and 0.767-eV de-
fects in Fig. 9. Trombetta and Watkins'® emphasized
that the local strain field of the isolated carbon is tensile
along the {011) direction, which lies in the C,, mirror
plane of the defect, while that of the isolated oxygen in
the 0.79-eV defect [Fig. 9(a)] is compressive along its
(111) bonding direction. It was supposed that partial
cancellation of the strain fields plays an important role in
the binding of the two interstitial atoms in the C line de-
fect. The dominant modes of vibration of the isolated O;
are at 1106 cm ™' (137.1 meV) and 515 cm ™! (63.8 meV)
at room temperature, with the former vibration being an
antisymmetric stretching mode along [111]. When the
strain around O; is relaxed the vibration energy should be
lowered. It is then evident that the optical mode (%),
with Z©®=91.5 meV exhibiting the full oxygen isotope
shift, corresponds to this relaxed stretching motion. This
lends further support to the importance of strain reduc-
tion in the C;-O; center. Conversely, the (%) mode is not
observed in the P line center, demonstrating a different
oxygen structure of this defect. This touches on a
discrepancy in the literature in which we get involved
with the model in Fig. 9(b). Newman et al.>!~3? describe
the pairing of oxygen mostly in terms of di-oxygen forma-
tion without specifying the structure, except in one place,
where it is associated with the vacancy-di-oxygen com-
plex ¥0,.32 These authors stated that no strong new in-
frared modes emerge when pairing occurs confirming
similar results by Pajot and von Bardeleben.?® Therefore,
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they assumed that the di-oxygen complex has a very
small dipole moment. On the other hand, Corbett
et al.®® discussed the formation of VO, defects in irradi-
ated silicon by trapping of VO (or A) centers*""*? at inter-
stitial oxygen O; at temperatures in excess of 300°C.
This was tentatively suggested from the observation of an
infrared-absorption line at 887 cm ™! (109.9 meV) which
emerges when the absorption line of the A4 center at 829
cm ™! (102.8 meV) anneals out. The identification was
challenged by Bosomworth et al.** from an analysis of
stress splitting of the 887-cm™! line, but it is fully con-
sistent with theoretical calculations on the substitutional
oxygen-oxygen pair by DeLeo et al.** The discrepancy
remains unresolved in the literature. Corbett et al.*? ex-
pected the two oxygen atoms in the vacancy to pull the
silicon neighbors inward, i.e., to create a tensile strain.
From the high vibration energy of 887 cm ™! along (111)
associated with this complex, we would rather expect
that there is remaining compression, although smaller
than that for isolated O;. In fact, the model in Fig. 9(b)
implies that strain cancellation between the C;-Si; pair
and the di-oxygen structure is as important for the stabil-
ity of the P line complex as it is for the C line. However,
no local mode exists in the vibronic sideband of the P line
up to ~ 100 meV, which could be related to oxygenlike
vibrations. The splitting of the A mode in the P line
spectrum could be an indication of a more complex oxy-
gen structure compared to the interstitial oxygen O; in
the C line defect. The absence of the L3’ mode in the C
line spectrum could be similarly explained.

The di-oxygen structure assumed in the 0.767-eV
center is the easiest model consistent with all available
data. However, more complex oxygen aggregates form-
ing from the oxygen molecule would also be conceivable.
After prolonged heating, formation of larger aggregates
would be even more probable. The strength of the P line
in 450-°C annealed silicon containing amounts of ~ 10'%-
cm 3 oxygen and some 10'®-~10!7-cm 3 carbon content is
significantly smaller than that of the C line in similar ma-
terial after irradiations at doses in the 10'7-cm~? range.
Davies et al.!® estimated the concentration of the 0.79-eV
defect in such material to be of order 10'® cm™3. Earlier
luminescence measurements showed®*?° that the C and P
line defects are neutral in their ground states, and that
they bind an electron-hole pair in their luminescent
states. This makes an internal radiative quantum
efficiency close to unity for both defects plausible and,
hence, the difference in PL strength could indicate a rela-
tively low concentration of the P line center, in the range
of 10 cm™3 or below. Whereas such a conclusion is
somewhat uncertain in PL owing to the branching prob-
lem of photoexcited electron-hole pairs, this concentra-
tion value is consistent with absorption data on the P
line.’>*¢ Using second-order reaction kinetics [Eq. 1(a)]
with Newman’s data,>

d/dt[0,]1=—k[0;*=+k[O,],

where k ~0.5X1072* cm3, we obtain an upper bound
of the P-center concentration for 10-h annealing,
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[P1<2X10'® cm™3, provided all carbon interstitials
created are efficiently captured at the di-oxygen complex
with a reaction constant much larger than k. The value
for [P] is too large under the assumptions made and
could be reduced to the experimentally estimated value
assuming a higher-order oxygen complex to be important
in the formation of the 0.767-eV center. When in both
PL spectra the L3 and L4 lines are due to one-phonon,
oxygenlike modes, as discussed earlier, this would suggest
that part of the oxygen structure in the P defect is
equivalent to that in the C defect, tentatively hinting at
O; plus O, (or VO3,); the latter complex was suggested to
form from VO, under prolonged annealing at 450 °C.*>%7
However, a mode corresponding to the (%) line would
then be expected in the sideband spectrum of the 0.767-
eV defect, which is not detected. In addition, such a
complex would be even more extended in space than the
defects in Fig. 9 with associated problems of stability.
Evidently, there are many more speculations possible,
and further well-founded arguments as to an oxygen
structure in the P line defect more complex than VO,
have to await future experimental data.

VI. SUMMARY

In this photoluminescence study we have measured the
vibronic sidebands of the 0.767- and 0.79-eV lines down
to photon energies around 0.56 eV and have found new
local-mode transitions. Isotope effects due to carbon and
oxygen atoms were detected on many of the lines in the
two spectra in addition to those which were reported pre-
viously. A comparison shows that the two optical defects
are identical with respect to their carbon and silicon con-
situents, but different with respect to oxygen. We use the
recently proposed model of the 0.79-eV defect!® to con-
clude that an interstitial carbon atom is part of the
0.767-eV defect. An approach to the oxygen structure of
the defect is derived from literature data on oxygen reac-
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tion kinetics studied in conjunction with the formation of
the 450-°C thermal donors. It is suggested that this part
is a di-oxygen molecule VO, in a lattice tetrahedron next
to that housing the C;. Like the 0.79-eV defect, the
center could be stabilized through the effect of internal
stress, with compensation of overpressure in the di-
oxygen unit and underpressure in the carbon unit. It was
discussed that the very similar electronic properties of
the C and P defects are well explained by this model. The
reaction paths suggested for the formation of the P line
defect required simultaneous production of the C line in
450-°C thermally annealed pulled silicon, which was ex-
perimentally verified. Conversely, the formation of the P
line defect in silicon irradiated at higher temperatures up
to 450°C, and the absence of this defect after low-
temperature irradiation, are also understood.
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