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We report on a high-resolution photoluminescence and absorption study with the appli-
cation of external stress and magnetic fields on the 0.97-eV (G) line. We determine the
symmetry of the related center to be monoclinic 1. It is shown that satellite lines E, E’,
and E*, which are observed in luminescence or absorption, are local modes of the G-line
center. The low-energy local modes E and E’ both exhibit isotope effects upon '*C im-
plantation of the Si samples. The doublet structure due to '2C and '’C gives evidence that
one substitutional carbon atom is incorporated in the complex. We observe a nonthermal-
izing and stress-independent triplet structure of the G line in luminescence as well as in
absorption with intensities almost identical to the natural abundances of %Si, 2°Si, and
308i. This establishes our basic model of substitutional carbon atom interacting with a
single silicon atom, Si*, in a prominent position. Relaxation of the complex leads to a
symmetry lowering from a trigonal (111) defect configuration to a monoclinic 7(C\;)
symmetry with a (110) mirror plane. Two particular models are discussed in detail, one
being a Cs-Si; dumbbell having relaxed off a bond-centered (111) position, the other be-
ing a carbon-vacancy complex similar to the electron-paramagnetic-resonance Si-E center.

I. INTRODUCTION

The 0.97-eV emission line, frequently labeled G
line, is one of the most prominent and most widely
studied luminescence lines which arises in silicon
crystals after irradiation damage by high-energy
electrons, neutrons, ions, and gamma rays and sub-
sequent annealing of the samples between room
temperature and 200 °C (maximum intensity);
beyond this temperature the line anneals out. Ear-
ly reports on the line were, e.g., given by Yukhne-
vich,! Yukhnevich and Tkachev,? Spry and Comp-
ton,® and Bortnik et al.* The appearance of the G
line was found to be independent of whether the
starting material was n- or p-type, and no depen-
dence on the donor or acceptor species could be es-
tablished.> There are divergent observations on a
possible correlation of this line with oxygen or car-
bon as persistent, unintentional impurities in sil-
icon: Johnson et al.® reported similar luminescence
intensities from Czochralski (C and O rich) as well
as from float zone (C and O poor) material. Mu-
dryi et al.” did not find a correlation with oxygen
contents, whereas Konoplev et al.® observed lower
intensities in oxygen-rich samples. No dependence
on carbon concentrations was reported in these
studies. Kirkpatrick et al. ,? however, found that
high carbon doping is favorable for the G-line
luminescence. The G line was also observed in ab-
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sorption after sample annealing at T4 > 250 K, and
was particularly strong in oxygen-poor crystals
with high carbon concentrations.!?~12

In view of these divergent experimental findings,
a correlation of the G center with specific micro-
scopic models turned out to be difficult. Jones and
Compton'3 tentatively attributed the G line to the
divacancy as did Jones et al.’> This interpretation
was doubted by Noonan et al. 1415 Instead, these
authors favoured the G11-EPR center, a carbon-
split interstitial,'® as responsible for the G line.
This center was independently proposed by Kono-
plev et al.® Another interpretation in terms of a
divacancy-carbon associate center was given by
Tkachev and Mudryi."’

An unambiguous interpretation was impeded by
a previous controversy about the symmetry of the
G-line center. Originally, Jones and Compton'® re-
ported that the G-line center had trigonal (111)
symmetry, and Jones et al.’ ascribed the line to a
singlet-to-doublet transition at a trigonal (111)
center. Walker'® contradicted this interpretation
showing that a symmetry classification as based on
the available experimental data was rather mono-
clinic than trigonal. A determination of the G-
center symmetry as monoclinic I was actually
made by Yukhnevich and Mudryi'® from their
stress-dependent photoluminescence study, and
Tkachev and Mudryi'” also reported the same sym-
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metry although experimental data were not shown
in this work. Foy et al.?® recently confirmed the
monoclinic I symmetry classification of the G-line
center.

In this paper, we report on a study of the G line
in photoluminescence and in absorption under
uniaxial stress and in magnetic fields. The stress
splittings unambiguously coordinate the G line to a
7 oscillator at a center of monoclinic I symmetry.
Local modes of the G line were identified and iso-
tope effects could be detected in the local modes as
well as in the main G line. We propose that one
silicon atom is the favorite partner of a substitu-
tional carbon atom in the center and discuss two
specific models.

The paper is organized in the following way: In
Sec. II, experimental details are described, and in
Sec. III, experimental results and a discussion of
our model are presented. Section III is subdivided
into five parts, A —E, on basic photoluminescence,
absorption, and temperature effects, on stress data,
on isotope effects, on the triplet structure of the G
line, and on a model discussion, respectively. Most
of the results presented in this paper were obtained
in the framework of two unpublished diploma
works.?1??

II. EXPERIMENTAL

Irradiation damage of the samples which we
used in our study was performed in different ways.
In the early stage, damage was achieved by thermal
neutrons, but the major part of our crystals was
electron-irradiated at electron energies in the range
from 1.5 to 2 MeV at fluences of 5 10'6
electrons/cm?. Damage was generally performed
at sample temperatures below 100 K. The samples
were isochronally annealed for 1 h in a long quartz
tube under a continuous flow of argon buffer gas.
Anneal temperatures which yielded the strongest
luminescence were found to be close to 150—200
°C as in prior publications.

The samples were excited by a cw Kr-ion laser
(647-nm wavelength, <500-mW power) or by a cw
Ar-ion laser (514.5-nm wavelength, <1.5-W
power). The luminescence light was dispersed by a
0.75-m grating monochromator (Spex 1702),
detected by a cooled germanium detector of high
detectivity (North Coast E0-817) or by a cooled
PbS cell (SBRC), and amplified by conventional
lock-in technique (lock-in amplifier Ithaco Dyna-
trac 3). The light source in the absorption mea-

surements was a tungsten filament lamp used with
the same monochromator and detectors as in emis-
sion. For the sake of particularly accurate absorp-
tion measurements, a two-ray equipment was in-
stalled which eliminated background structures not
due to the physical effects to be investigated.
Time-resolved measurements were performed excit-
ing the radiation by single pulses from a cavity
dumped mode locked Ar-ion laser. The photo-
detector was in this case a cooled photomultiplier
with S1-cathode spectral characteristic, and the
signal was processed by single-photon counting
technique. The time resolution of this setup corre-
sponded at the G line wavelength to 10 nsec. For
the measurements under uniaxial stress, sample
specimens were cut before irradiation and anneal-
ing to bars of approximate sizes 22X 8 mm?® with
the long axis parallel to the {100), (110), and
(111) crystallographic directions. The stress
equipment is described elsewhere.”* It allows for
application of stress up to about 400 MPa. The
temperature dependence of the line was measured
in a special cryostat after Gmelin?* which holds a
chosen temperature between 1.5 and ~80 K even
at relatively high excitation powers of up to 50
mW. The preparation of samples for studying iso-
tope splittings is described in part C, Isotope ef-
fects, of Sec. III.

III. RESULTS

A. Basic photoluminescence and
absorption data

Figure 1 shows a typical photoluminescence
spectrum obtained after sample treatment as

Si, p-type 7000 Qcm E
1.5 MeV e~ irradiated

G

fe— 71 9 meV —*
Room temperature annealed

water absorption

Resolution

range

Luminescence Intensity (arb.units)

1.7 1.6 15 1.4 1.3
Wavelength A (pm)
FIG. 1. G-line spectrum at T =4.2 K.
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TABLE 1. Parameters of G line and of associated local-mode transitions.
A is the half-width of the lines and refers to T'=4.2 K.

Wavelength Energy Line spacings A A

Line A (um) E (meV) AE (meV) A) (meV)

G 1.2786 969.4 0.7 0.053 (Lum.)
71.9

E 1.3810 897.5+0.1 9.0 0.58
71.5

E’ 1.5006 826.0+0.2 22.8 1.25
70.7

E" 1.6411 755.340.5 90.0 4.15

E* 1.1923 1039.6+0.1 70.2 (from G) 55 048

described above. The spectrum consists of the
dominant G line no-phonon (NP) transition at
about 1.28 um along with two low-energy lines la-
beled E and E’'. A very weak single sharp line E”
also belongs to the spectrum but is not contained
in Fig. 1 (see Table I). The broad and relative in-
tense structure at ~1.3 um is displaced from the G
line by about 19 meV. It is a familiar feature of G
line spectra and is usually ascribed to a transverse
acoustic (TA) phonon [the momentum conserving
TA phonon energy as deduced from the narrow
line recombination radiation of excitons bound to
shallow donors or acceptors is 18.7 meV (Ref.

25)]. Another relatively broad band follows, cen-
tered at about 1.35 um. The entire spectum of the
G line, the TA phonon line, and the band is repli-
cated from the E line on. The fluctuations from
1.35 to 1.48 um are due to water-vapor absorp-
tion. This was tested by working in a dry atmo-
sphere (flushing of monochromator and the optical
way by dried nitrogen gas). All these lines are su-
perimposed on a broad unsymmetric band indicat-
ed in Fig. 1 by a dashed line. No luminescent
features other than those in Fig. 1 were observed
from the samples which we used for the experi-
ments to be described in the following parts of this
paper. Neither do we observe near band-gap free
or bound exciton radiation as is typically existent
in the low-temperature spectra of undamaged sil-
icon, nor are there any indications of other
irradiation-induced lines as are present in most pre-
vious publications (e.g., the C line, 0.79 eV 21.57
pm). The absence of emission which is not corre-
lated with the G line is absolutely necessary for ob-
serving weak structures such as the E” line near
the C emission. Our few-line spectra were obtained

by taking float-zone silicon, p- or n-type, at arbi-
trarily low (< 10" cm—3) doping concentrations,
and annealing the specimens near room tempera-
ture. When we annealed the samples at higher
temperatures up to T,~200°C, we observed the
appearance (and later disappearance again) of other
irradiation-induced lines; for example, the C line
increases up to T4,~300°C. Other lines are also
relatively stronger or even predominant when we
start with oxygen-rich Czochralski-grown silicon.

Under the condition of a few-line spectrum as in
Fig. 1 we find that the intensity ratios of lines E,
E’, and E" to line G are independent of the partic-
ular sample within the experimental error. There
is not only a systematic decrease in line intensities
of E through E” to lower energies, but also a syst-
matic increase of linewidths. The line parameters
are listed in Table I. These observations show that
a close correlation between the G and the E, E’,
and E" lines exists. It is suggestive to interpret
these low-energy satellites as due to local modes of
the G-line center. This tentative explanation is
confirmed later in this paper by the stress splitting
of the lines and the isotope effects. We note that
in previous publications the E line was ascribed
to a NP transition from the same upper state as
the G line to an excited electronic state of the
center.>!31726 Only Kirkpatrick et al.?’ explained
the E lines as due to the excitation of a local mode
but without advancing arguments.

Absorption measurements were also performed
on the G line. In Fig. 2, we compare emission and
transmission intensities with the two diagrams cen-
tered at the G-line position. It is striking that both
spectra are almost complementary, even in smaller
details. We find two sharp and pronounced ab-



sorption lines G and, at higher energies, E*, and a
structure in the spectral range marked by TA
which in transmission is inverse to emission. In
Fig. 2, spectra from two different samples are de-
picted in order to demonstrate our experimental ex-
perience that luminescence and absorption spectra
from arbitrarily chosen samples fit almost perfectly
together. The most interesting feature when com-
paring both spectra is difficult to see in the energy
scale of Fig. 2: An accurate determination of the
displacement energies of E or E* from G yields a
difference of 1.7 meV (see Table I). The high-
energy satellite E* is not visible in luminescence,
and the low-energy local modes E, E’, and E” do
not show up in transmission. We interpret line E*
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FIG. 2. Emission and transmission spectra centered
at the G-line transition. Indicated by a dashed line is
the transmission curve obtained for undamaged intrinsic
silicon in the same experimental setup. The position of
the momentum-conserving TA phonon (18.7 meV) repli-
ca of the G line is marked by an arrow.
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as originating from a transition of the G-center
ground state to an vibronic excited state of the
upper (electronic) G-line level. This explanation
results after removal of a disturbing effect due to
an overlapping emission or absorption line of dif-
ferent origin: Line E* coincides within its
half-width with a line I; which arises in Czochral-
ski or float-zone silicon after ion implantation or
neutron irradiation at ~400°C annealing tempera-
ture, and which was tentatively ascribed to multiva-
cancy complexes?’ or, alternatively, to the EPR 48
center.!”

We distinguished E* from I; by sample statistics
and by stress measurements. First, it was found that
the E*-line absorption was always high when the G-
line absorption was high, whereas luminescence
due to I3 at #iw~1.039 eV was seen when samples
were treated in such a way that is known to pro-
duce high I intensities,?’ and in these cases, no
correlation with the G-line intensities were found.
Second, E* splits under stress like G, but Iy shows
a completely different stress dependence.?!

The properties of the G and the various E lines
as discussed above tend to suggest the simple
molecular level scheme in Fig. 3, consisting of vi-
bronic levels in slightly anharmonic potentials
(dashed lines) generated by two different electronic
configurations. Only the G line as an electronic
ground-state-to-ground-state transition is observed
in luminescence and in absorption, whereas the E*
transition is merely visible in absorption since its
upper state is at liquid-helium temperatures and at
a vibronic excitation energy of 70.2 meV practical-
ly not populated. In absorption, a transition E**
from the center ground state to the second vibronic
state of the upper scheme should, in principle, be
observable. This transition, however, was not ob-
served in our experiments.
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FIG. 3. Molecular level scheme of the transitions as-
sociated with the G line.
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The G line was further studied in temperature-
dependent and time-resolved measurements. The
temperature-dependent data are threefold: We ob-
serve a line broadening and a line shift and deter-
mined a thermal activation energy of the G-line
upper state. The half-width (A) of the G line can
be fitted by an experimental law from 4.2 up to 65
K)

A=0.043 meV Xexp(4.7x 1072 T K1) .

From 65 K on, the experimental half-width is to
an increasing degree smaller than described by the
law. These A values are within experimental un-
certainty the same as were reported by Jones and
Compton'® and by Jones et al.> who give an expres-
sion for the temperature variation of half-width
broadening proportional to T4%*%7. Hare and co-
workers?® in their study of the G line and vibronic
spectra in irradiated silicon found agreement of
their data with the results of Jones and Comption.
The G-line shift with temperature is shown and
compared with the band shift in Fig. 4. In the
temperature interval from about 35 to 80 K we
find a power-law dependence with an exponent of
3.6+0.5. Below 35 K, there are no significant de-
viations from the band shift. The band shift AA(T)
as plotted in Fig. 4 for comparison was calculated
from the experimental relation®® (T' < 150 K)
AE,(T)=E,(T)—Egz(0) with

Eg(T)=(1.059%107°)T eV/K
—(6.05x1077)T? eV /K?

and E,(0)=1.170 eV. It is evident that the G line
at increased temperatures does not follow the band
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FIG. 4. G-line shift with temperature.
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as is typical for deep centers. Our results are not
consistent with the measurements of Jones et al.’
who found a power law in T with an exponent of
—2.35+0.25. This is within the indicated error

approximately parallel with the band, since from

40 to 80 K the quadratic term in AE,(T) is lead-
ing.

The G-line intensities as a function of tempera-
ture were measured from 4.2 up to 80 K. Line in-
tensities were determined from the area under the
Iuminescence line because the linewidths strongly
vary with temperature. The experimental values
could very satisfactorily be fitted by the expression

Io(T)=Iy[1+Cexp(—E,/kT)]~",
where
C=(2-8)x10* E,=55+3 meV .

This expression refers to a two-level model where
the lower level is the G-line transition upper state,
which can thermally be depopulated into the
higher level split by E,. C is the ratio of degenera-
cy of these two levels. Our value of E, is signifi-
cantly different from E, =35+5 meV of Joneset al.’
The reason for this discrepancy is unclear. From
our result, considering the large value of C we con-
clude that depopulation of the G line with tempera-
ture occurs into a band. This defines the G-line
upper state to be 55 meV below the band. The ex-
cited vibronic state correlated with line E* is then
energetically degenerate with the band. This situa-
tion does not necessarily bring about a conflict to
E* as an in-band sharp state since, different from
shallow donors or acceptors, the wave function of
the present deep center is not made up of low-lying
single-band functions close to the band extremum
in k space.

We note further that for various samples of dif-
ferent origin we find a linear G-line dependence on
excitation level; more accurately, the slope in a
double logarithmic plot of the G-line intensity
versus excitation power is 0.94+0.06. Such linear
intensity-to-pump power dependence is known
from the radiative recombination of bound excitons
(for further references, see Ref. 25) and results
when both electrons and holes are bound to free ex-
citons which are captured at the impurities. A
similar situation can arise when one charge-carrier
species is rapidly trapped and recombines nonradi-
atively as the dominant process and the other
species is captured on a defect giving rise to
longer-lived radiative recombination.

Finally, luminescence decay times were deter-



mined. An upper bound to the decay time of 4
usec is heretofore known, given by the response
time of the detector (see the Comment section in
Ref. 13). We have measured the G line with highly
improved time resolution and found a new upper
bound of 10 nsec which in our case is also deter-
mined by the experimental setup. On the basis of
the experimental decay time, 7y, < 10 nsec, we
compare absolute line intensities of G and of exci-
tons bound to common shallow donors or accep-
tors. For the latter impurities, exciton radiative
quantum efficiencies 7 are well known from radia-
tive lifetimes (absorption measurements, Dean

et al.”®) and from luminescence decay times
(Schmid’®). They range from 1=0.2x 10~* (In) to
7=22%10"* (B) with donors P and As in between
(n~1.3%10~%. Taking phosphorus bound exci-
tons as a typical example, our largest intensities
obtained from samples of (10'*—10'%)cm —* dop-
ing concentrations are absolutely by at least 10°
lower than the best G-line intensities. Assuming
that the G-center concentrations are not essentially
higher than 10'® cm 3, this comparison yields high
G-line quantum efficiencies 7 > 10~!. This value is
consistent with an estimate of the radiative G-line
lifetime on applying to the present problem
Dexter’s theory,>! which relates transition oscillator
strengths with trap concentrations and the integral
absorption of the center. We come to an estimated
value of 7,9 <2 nsec for the following set of
parameters: assumed G-trap density 10'® cm—3,
ratio of degeneracies of transition initial and final
states g; /g =1 as suggested by the magnetic field
experiments (see later), ratio of no-phonon to vibra-
tional mode absorption correlated with the G-
center 0.4, and integral absorption aI” of the G
zero-phonon line with an absorption coefficient
a=(2—4) cm~! at a half-width ['=0.12 meV as
extracted from the absorption measurements in this
particular highly luminescent sample.

B. Stress data

Stress along the main crystal directions (100),
(110), (111) up to 100 MPa was applied to sam-
ples of high G-line intensities. The G and E lines
in luminescence and the G and E* lines in absorp-
tion were investigated. At high stress magnitudes,
it was also possible to record resolved components
of the E’ luminescence when the splitting energy
exceeded the width (~1.25 meV) of the E’ line.

The first aim was to determine the symmetry of
the G-line center. We found that the G line corre-

24 NEW MODEL OF THE IRRADIATION-INDUCED 0.97-eV (G) . . . 5879

sponds to a 7 oscillator of monoclinic I sym-
metry.2! This is an independent confirmation of
the identical results which were previously ob-
tained by Yukhnevich and Mudryi!® and very re-
cently by Foy et al.?® Therefore, we can be brief in
this -paragraph.

Figure 5 (left-hand part) is a comprehensive plot
of the G-line splitting under stress. The splitting
pattern for each stress direction was the same in
luminescence as in absorption. For the particular
stress direction X||[100] this is illustrated in the
right-hand part of Fig. 5. There is an unexplained
difference between emission and absorption in the
higher energy G-line component. The number of
components we observe and the splitting energy is
within experimental error for each G-line com-
ponent identical with the data of Foy et al. (Fig. 1
of Ref. 20). There are minor differences with
respect to the polarization of the lines. Except for
X]|[110], where two inequivalent direction of o-
polarized light exist, Foy et al. find purely - or
o-polarized lines whereas we find, for each stress
direction, line components of mixed polarization.
We classified our splitting patterns according to
Kaplyanskii.*> The following values for the com-
ponents of the piezospectroscopic tensor A were
obtained (units in 10~ eV/MPa, uncertainty
+0.2X 107° eV/MPa):

lo-ln Stress splitting G,
k3 Iq I" ’ 1
X10100] E,E" and E" lines
1280 403
‘“»—"' o/

+

1278 F e,

+ Lum
o
4 Abs
a LumE
O LumE 9 /

® AbsE* ta

£ oA
a
z Y !//

a -
£ w 2 X 101001
o <
% 21X Stress X
> = :QO
o = ~
ES & X\\.\ .

DGR
+, S

Stress X (10MPa)

FIG. 5. Left-hand side: Splitting of the G line for
stress along the main crystallographic directions with
experimental polarization degrees indicated. Right-hand
side: Relative comparison of G-line associated transi-
tions for stress along [100] in luminescence and absorp-
tion.
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A4,=14.0, A43=4.0,
Ay=—10.0, As=+8.5,
with
A, A; —A,
A=| 4, 4, 4,
—A, A, A,

This set of tensor components 4; is close to the
values of Foy et al., who found 13.4, —10.7, 4.84,
and +9.51. respectively, in the above indicated or-
der and in the same units.

The tensor A with our values of the components
is diagonalized by a rotation of the [111] axis
around the perpendicular [110] axis by 15°. The
position of the rotated [111] axis corresponds to
the symmetry axis of the G-line center.

In Fig. 5 (right-hand part) we show a relative
comparison for f(] [[100] of those G-correlated lines
which were detectable either in luminescence or ab-
sorption. E splits like G, and E* splits similar to
G with a slight but clear deviation in the low-
energy component. Other irradiation-induced lines
which we observed in silicon samples of different
origin and after lower or higher annealing tempera-
tures showed absolutely different splitting patterns.
Therefore, we take the present results as a confir-
mation that E, E’', E*, and by analogy E”, belong
to the same electronic transition as G.

C. Isotope effects

As mentioned above, several authors in previous
investigations reported on a correlation of the G-
line intensities with carbon concentration. It was,
therefore, tempting to look for an influence of '*C
doping on the G line and on the local modes. Ac-
tually it turned out that '*C induces new vibration
modes. The new spectral features conclusively
demonstrate that a carbon atom on a substitutional
site is one of the G-line center’s constituents.

Two silicon samples were implanted with *C at
a dose of 7.5% 10" cm~2 and an energy of 350
keV. Before implantation, characteristic sample
data were

Sample 1 Sample 2

Si:P, 240 Qcm

[0] < 10" cm~3

[C1< 10" cm~3

e~ irradiated,
room-temperature annealed.

Si:Al, 2.5 Qcm
[0l< 5% 10" cm™3
[C]~3.6X 10" cm~3

Both samples were isochronally annealed at dif-
ferent temperatures up to 7, =450 K. At this
stage, sample 1 exhibited weakly the G-line spectra,
whereas the luminescence as seen from sample 2
was much more intense. No alteration in the spec-
tra was observed. The '*C-implanted layer of
about 1 um depth was then diffused for 6 h at
1100°C under argon buffer gas. We estimate that
after this procedure the '3C containing layer was
about 5 um deep.

In the next step, both samples were electron irra-
diated at a temperature below 100 K. Directly
after irradiation, no luminescence at all was found
in the spectral region of 0.97 eV. Upon room tem-
perature anneal for one to two hours, the familiar
spectra were again observed (G, E); no alteration
of G was visible but a new line close to E had ap-
peared with a displacement of 1.95 meV from E to
higher energies. * After renewed annealing for 3
days at room temperature, both lines had largely
increased in intensity, and it was also possible to
detect E’ along with a second new satellite dis-
placed from E’ by + 3.9 meV. Figure 6 shows
spectra in the range of the E and E’ lines at this
stage of the experiment. For the sake of control,
we recorded the luminescence from the unimplant-
ed side of the samples. This side did not exhibit
the displaced extra satellites. Finally, most of this
extra luminescence had vanished after room-
temperature storage of the two samples for several
weeks.

k=R~ Siip 240 Qcm

C'* implanted
e~ irradiated
Annealing 3d

+

Tp =300K

S

[T T WY SN N W S S S

138 137
Wavelength X (pm) —»

Luminescence Intensity {arb.units)

ME/'::::.'L‘U—_{ }—
1 1 1 l 1 1 L 1 [
150 149

Wavelength A (pm)
FIG. 6. Spectra in the range of the local modes E
and E’' with the extra isotopic lines induced by '*C im-
plantation.
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It is clear from the experimental conditions that
we have observed isotope splittings due to 1*C
atoms. Further evidence to the effect as due to
carbon comes from the quantitative isotope split-
tings. The displacement energies Ahv of the local
modes from the G line are for line E,

Ahv(12C) _71.90 meV

= =1.028
ARv(BC)  69.95 meV
and for line E’
12
Ahv(*C)  143.4 meV —1.028 .

Ahv(BC)  139.5 meV

These values are almost the same as the ratios of
substitutional >C to *C vibrational frequencies
from infrared studies'!:3*

12 —1
w(13C) _ 607.5 cm _—1.031
o(*°C) 589.1cm™

The similarity of these values is particularly strik-
ing since the frequency ratio is by no means pro-
portional to the square root of the atomic masses.
The same frequency ratios appear to result from
carbon vibrating in an interstitial position.'!**

The appearance of the *C local-mode satellites
is the first direct proof that carbon is involved in
the G-line center. Moreover, our results allow for
a number of further conclusions. First, we ob-
served a doublet isotope splitting of the local
modes E and E’ which corresponds to single iso-
topes '2C or 3C in the complex. If, for example,
the complex contained two carbon atoms, we
should have seen triplet isotope splittings due to
the possible carbon combinations (2C,'>C),
(3C,B3C), and (2C,'*C). Therefore, only one car-
bon atom is incorporated in the complex. Implicit-
ly, we have assumed that all carbon atoms in the
defect show up in the luminescent features. An
equivalent reasoning was recently used by Canham
et al.** to show that the center responsible for the
1.045-¢V irradiation line in silicon contains two Li
atoms resulting in the observed triplet isotope split-
ting. Second, we conclude that the carbon atom in
the G-line complex is located on a lattice site, Cg.
The local mode energy we observe is 71.9 meV
(12C) or 69.95 meV (1*C). Substitutional carbon is
known to produce vibrational bands at frequencies
607.5 cm~! (12C) or 589.1 em~! (13C) at 77 K cor-
responding to energies of 75.3 or 73.0 meV, respec-
tively.!>3 Our vibrational mode energies are con-
sistent when we assume that the vibrating substitu-
tional carbon atom is slightly disturbed by a
partner of larger mass in the center. In the follow-

ing paragraph this partner will be identified as sil-
icon. Calculations by Elliott and Pfeuty® show
that for substitutional-interstitial pairs as well as
for substitutional pairs one vibration frequency is
expected to be close to the vibration frequency of
the isolated substitutional atom and another fre-
quency is close to that of the isolated partner. For
the case of boron pairs this could experimentally be
verified. It is important to note that no other in-
frared vibrational absorption bands are known in
the energetic range of 70 meV except for those
which are correlated with acceptor and donor dop-
ing. In particular, interstitial carbon induces bands
at largely different energies, visualized at 114.5
meV£924.1 cm~! (>C) and at 106.4 meV 2 858.7
em™! (BC) (Ref. 11).

D. Fine structure of the G line

In our high resolution measurements we found
that the G line is not a single line but consists of
three components of largely different intensities
(Fig. 7). The G line described up to now is the
low-energy line of this triplet. The two other lines
are split off by 1.55 A20.11 meV and by 3.10
A20.22 meV. The triplet structure exists in all
samples which we investigated provided the
luminescence was strong enough to resolve the
lines. The triplet does not thermalize as was
probed by measurements between 2 and 8 K in our
temperature-regulated Dewar. Increasing tempera-
tures cause only broadening of all lines, but do not
affect the relative triplet line intensities. Under
stress along (100), the G-emission splits into two
components. In each component, the unchanged
triplet structure is retained except for worse resol-
vability, which is probable due to slight stress in-
homogenities (Fig. 7, inset). The triplet was also
seen with identical relative intensities in high reso-
lution absorption. All these properties conspire to
suggest an explanantion in terms of an isotope ef-
fect. The identical line spacings in the triplet of
0.11 meV hint to a very simple situation which
may, e.g., be encountered in successive isotope
masses. From simple inspection we obtain estimat-
ed intensity ratios of the triplet lines of about
90:6:4. We looked for elements in the Periodic
Table with similar ratios of natural isotope abun-
dancies. There is only one, Si, which fits the con-
dition. The natural isotope abundancies are’®
[?%si]:[¥Si]:[*°Si] as 92.21:4.70:3.09. In order to
have more accurate experimental triplet intensities
on hand for comparison, we fitted the shape of the
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Si, p-type 7000 Qcm
e~ irradiated, T,=300K
G-line 10 Stress 101001

T=5K

Hh

Luminescence Intensity (arb.units)

1.279 1.278
Wavelength A (pm)

FIG. 7. Fine structure of the G line without external
fields (original spectra) and for stress along [100].

G main line by a computer. Since the experimen-
tal shape is asymmetric, the fit was composed of
two Gaussian halves of adjustable widths. Once a
good fit for the main line was obtained, we applied
this fixed theoretical line shape to the weak satel-
lites. This procedure yielded an excellent overall
fit of the G emission when the intensities were
91.3:5.4:3.3. These ratios are in remarkably good
agreement with the above given natural Si isotope
abundancies.

Our conclusion is that one silicon atom is the
partner of carbon in the G-line complex. The pos-
sibility of two or more equivalent silicon atoms is
excluded since we do not observe more than three
G-line components, as would be necessary for com-
patibility with the various possible isotope com-
binations in such a complex. This conclusion im-
plies that there are no silicon atoms which are “op-
tical inactive.” The minimum intensity we would
experimentally observe is by a factor of at least 20
below the intensity of the weakest triplet line (Fig.
7, original spectrum at enlarged amplification). If,
for example, the G-line center contained two
equivalent silicon atoms, five components should
exist with relative intensities 85:8.7:5.9:0.3:0.1.
These values are entirely different from our empiri-
cal values; moreover, with the experimental sensi-
tivity of our setup, we should have detected four
isotope components instead of only three. We em-
phasize in particular that the observed intensity ra-
tios of the triplet are not consistent with a carbon
isotope effect. Assuming that the triplet resulted
from the three possible combinations of two
equivalent carbon atoms, '2C and '*C, which could

be involved as the most abundant isotopes of this
ever-persisting defect we would obtain intensity ra-
tios of 97.81:2.18:0.01, in clear disagreement with
the experimental values.

E. Model and discussion

In the past years, the G line has frequently been
ascribed to the so-called G11 center, a carbon-split
intersticialcy which is very well known from
EPR.!'%37 This interpretation is conflicted with our
results. First, it cannot explain the appearance of
only one displaced local-mode line after '3C im-
plantation but would require two displaced lines
from the different vibrational frequencies of pairs
(2C,2¢), (12¢,130), and (13C,13C). Second, it can-
not explain the triplet structure of the no-phonon
main G line as was discussed in the preceding
paragraph.

From our results, we may directly conclude that
one substitutional carbon atom preferentially in-
teracts with one silicon atom. Based on this we
discuss in the following two different specific
models where the first one seems to be simpler and
the second one to be more probable. The first
model which we propose for the G-line center is
drawn in Fig. 8. It is a carbon atom on or near a
substitutional lattice site with a neighboring silicon
atom on an interstitial site. An extra silicon atom
is chosen to be consistent with the experimentally
suggested prominence of one silicon atom. Two
configurations are possible: The silicon atom may
be located near a high symmetry T, interstitial site
(Fig. 8) or it could be near a bond-centered posi-
tion. The first configuration seems to be more
probably from geometric reasons. The axis of the
Cs-Si; dumbbell has relaxed off the (111) direc-
tion by an angle of 15°, thus reducing the sym-

FIG. 8. Model of the silicon 0.97-eV (G) line center.
The axis of the carbon-silicon dumbbell is rotated by 15°
from the [111] direction in the (110) plane. Lines inter-
connecting the atoms are not bonds but are to facilitate
the geometric perspective.



metry of the center from trigonal to monoclinic 7,
C,j, with a {110} mirror plane. An additional lat-
tice relaxation around the center probably takes
place but is not shown in Fig. 8.

This model is mainly deduced from the sym-
metry classification of the center, from the isotope
effects occurring in the local modes, and from the
triplet structure of the G line; it is consistent with
other luminescence data which are known. It is
evident that a center made up from carbon and sil-
icon satisfies the correlation of the G-line lumines-
cence with carbon concentrations and its indepen-
dence of any intentional doping, in particular of
shallow donors or acceptors, as was previously re-
ported in literature. Theoretically molecular-
orbital cluster calculations exist on a similar sys-
tem consisting of interstitial carbon in a diamond
matix.*® It was found that (100) and (111) inter-
stitialcy configurations are much more stable than
(110) configurations with a minor preference to
the (100) case. For (111), a lattice relaxation
was expected. Similar results were obtained for
boron and nitrogen interstitials in the diamond lat-
tice.

Relaxation of the present C-Si dumbbell off one
particular [111] axis, e.g., by a static Jahn-Teller
effect, may occur to three equivalent positions of
C,;, symmetry with the dumbbell in equivalent
{110} planes. Under stress, preferential alignment
of the center axis occurs to the positions of lowest
energy. Foy et al.?® in their study of the G line re-
ported that the time to reestablish thermal equili-
brium after changing the temperature (T'~20 K)
was less than 100 sec. This is much faster than
the similar reorientation time observed by Brower!
for the G11 center. Part of this discrepancy may
be removed in our model considering that intersti-
tial silicon in p-type material is mobile even at
temperatures as low as 1 K in contrast to intersti-
tial carbon (G11) although no different behavior of
the G line in n- or p-type material was found in
our work.

There is a possible relation of this model with
the so-called G12 center investigated by Watkins
and Brower®® in EPR. The G12 center shows up
after irradiation damage of silicon and is formed by
a carbon and a silicon atom in a (100) configura-
tion occupying a single substitutional site. The
symmetry (C,,) allows for location of the carbon
atom anywhere along the line between the intersti-
tial tetrahedral site (T;) and the substitutional site
(Fig. 9). This paramagnetic center has a single
positive charge where the unpaired electron resides
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in a nonbonding p orbital on the carbon atom and
a corresponding orbital on the silicon atom is per-
pendicular to that and empty. The G12 center an-
neals out at 65°C, and simultaneously the forma-
tion of the G11 center was observed. Two reaction
channels may be imagined when the G12 center an-
neals out. One is the migration of the carbon atom
with subsequent capture by a substitutional carbon
atom and formation of the G11 carbon-split inter-
stitialcy, whereas the remaining G12 silicon atom
is repositioned on a substitutional site. It is unim-
portant.at the moment whether the deliberation of
carbon atoms to migrate takes place via the Wat-
kins replacement mechanism*! or not. The other
channel may be the direct conversion of the G12 to
the 0.97 eV center by the combined effects of
charge neutralization and change of configuration
from (100) to near (111). Once the new center
has formed it is stable up to anneal temperatures of
200°C. Stabilization of the new center may be
enhanced by two bonding molecular 7 orbitals
along the center axis resulting from the G12 non-
bonding p orbitals after rearrangement in the same
plane through the new center axis. The possibility
of change of the configuration upon a change of
charge state was discussed and experimentally veri-
fied by Lee and co-workers*? in their EPR study of
the (100) split di-interstitial. The second process
described is consistent with the following observa-
tions we made. The G line does not split in a
magnetic field up to field strengths of 5.5 T. This
was also found in independent work.** As the sim-
plest explanation we may conclude that the G line
is a transition between upper and lower states of
one-dimensional representations which is dipole al-
lowed from group theory (relaxation could in this
case not be attributed to the Jahn-Teller effect
which requires degenerate levels to be split by
spontaneous internal strain). The states are made
up from two electrons coupled at the center to a

FIG. 9. Model of the Si-G12 center after Watkins
and Brower (Ref. 40) with bonds indicated by double
lines.
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singlet level with total zero spin. Actually, the G-
line center did not show up in paramagnetic reso-
nance experiments performed in conjunction with
the present photoluminescence study. EPR mea-
surements were performed on several samples exhi-
biting strong G luminescence. The samples were
n- or p-type and were investigated in the dark as
well as under white-light illumination. In no case
was a signal observed other than from familiar
paramagnetic centers which were not correlated
with G12 or G11.

Among the deficiencies of the model discussed
up to this point we note two as follows. Experi-
mentally, the G-line luminescence is not influenced
by the amount of donor or acceptor doping and by
the doping species. From EPR data, however, it is
believed that silicon self-interstitials produced in
the original damage event are mobile at low tem-
peratures and are trapped by the group-III dopant
ejacting it into an interstitial site.*! This process
should lead to a detectable difference of G-line in-
tensities between n- and p-type material. A second
deficiency is the fact that the interstitial silicon
atom of the model provides four negative charges.
It is difficult to see how these charges form bond-
ing orbitals since all electronic charges of the sur-
rounding atoms are already neutralized. In the fol-
lowing, we therefore discuss a second model which
is consistent with the empirical data and avoids the
crucial points of nonsaturated extra charges and n-
or p-type dependencies.

The second model is depicted in Fig. 10. A va-
cancy is trapped near a substitutional carbon atom.
The four broken bonds around the vacancy form
two new bonds. Two of the remaining silicon
atoms pull together to form an electron pair bond,
and a similar pair bond is made up between the
remaining carbon-silicon pair. There is no charge
left behind, thus the center is diamagnetic and
would not be observable in EPR as is actually
found. This configuration is very similar to the
Si-E center* except for the extra charge of the
phosphorus atom in the E center replacing the car-
bon atom in our case. The model is consistent
with a previous speculative assignment of the
1.28-um absorption line to a C-¥ complex by Bean
etal.'® Relaxation due to the Si-Si pair bond and
the C-Si pair bond reduces the symmetry to Cyy
because only one mirror plane of (100) type
remains. The arrows in Fig. 10 indicate that part
of the relaxation which is responsible for the exper-
imentally determined 15° deviation from the (111)
trigonal symmetry axis without relaxation. The

FIG. 10. Model of the silicon 0.97-eV (G) line center.
Double lines are bonds. The arrows indicate relaxation
leading to the observed symmetry lowering of the atomic
configuration from the (111) trigonal C;, symmetry to
monoclinic I, Cyy.

carbon atom particularly “feels” the single silicon
partner to which it has opened relations by the new
pair bond irrespective of the usual bonds to the
remaining three nearest-neighbor silicon atoms in
(111)-type directions on undisturbed lattice sites
(not shown in the figure). This explains the ob-
served silicon isotope finestructure of the G line. It
is obvious that this center may easily form after ir-
radiation of carbon-doped crystals when there is a
sufficiently high concentration of vacancies after
damage. Considering our model, we find some in-
teresting details of the G-line luminescence in the
work of Tkachev and Mudryi.!” These authors
note that owing to the frozen-in dichroism which
they observe the atomic axis of the center can pre-
ferentially be aligned by an uniaxial stress at
elevated temperatures. In particular, they did not
observe quenched-in dichroism when stress was ap-
plied along a (100) direction, and they therefore
concluded that the center has an atomic symmetry
along a (111) direction as is compatible with the
present model. Tkachev and Mudryi further note
that isothermal annealing of the quenched-in align-
ment gives activation energies of (1.25+0.01) eV.
This is exactly the same value as was found in
their work for the activation energy correlated with
annealing out of the luminescence. A similar value
of the activation energy for annealing, 1.34 eV, was
independently published by Wong and Streetman.*’
Once again, this may easily be understood in the
present model: Atomic reorientation of a given
carbon-vacancy pair to a different, equivalent
(111) axis is only possible when the vacancy mi-
grates via one of the nearest-neighbor lattice sites.
This intermediate step, however, destroyed the
whole center leading to the equal values for
realignment and for annealing.

Finally, we report an experiment giving evidence
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that the G-line center can be formed without
radiation damage. We chose a p-type sample of
10'7-cm—3 carbon concentration which absolutely
exhibited no G-line luminescence. The sample was
heated up to 1200°C for 7 h and was then rapidly
quenched in silicon oil at room temperature. After
this procedure, we observed the G line unambigu-
ously although at moderately weak intensities. An
explanation may be found in terms of both models
discussed. With regard to the first model, in ther-
mal equilibrium at higher temperatures, a small
amount of interstitial silicon atoms is expected to
coexist with substitutional silicon atoms in unirra-
diated samples. Rapid cooling of a heated sample
should result in a concentration of the interstitial
silicon atoms in excess of the associated thermal
equilibrium density and in the formation of G-line
centers. With regard to the second model, vacan-
cies are produced complementarily to self-
interstitials and will be frozen in by rapid quench-
ing to cooperate with the carbon dopants.

In conclusion, we have demonstrated by a
number of new experimental results that the 0.97-
€V luminescence band induced by irradiation dam-
age of silicon is not due to the carbon-split intersti-
tialcy as was often assumed in recent times. We
discuss two new models of the center, both consist-
ing of a substitutional carbon atom with a silicon
atom in a prominent position. The second model

is analogous to the familiar EPR Si-E center re-
placing phosphorus by carbon and seems to be
favorable.
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