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We have investigated the atomic configuration, stabilizing mechanism, and impurity vibrations of the
carbon-oxygen complexes in silicon using norm-conserving pseudopotentials with the supercell method.
We have found that a configuration in which an oxygen atom occupies a second-neighbor bond-
interstitial site of a substitutional carbon atom without a direct C-O bond (CO-2 configuration) is more
stable than the configuration in which an oxygen atom occupies a first-neighbor bond-interstitial site
with a direct C-O bond (CO-1 configuration). The calculated total-energy reduction in the formation of
the complex of the CO-2 configuration is 1.17 eV. Lattice-relaxation is essential to this stability. The
previously observed infrared-absorption lines at 589, 640, 690, and 1104 cm ™! due to a C-O complex are
well explained with the carbon- or oxygen-localized impurity vibrational modes calculated for the CO-2
configuration. Based on the comparison between the calculated and observed impurity vibrational ener-
gies, a type of configuration is suggested to explain another set of absorption lines at 716, 725, 744, and

1052 cm™ .

I. INTRODUCTION

Oxygen and carbon are the most common impurities in
Czochralski-grown silicon crystals. The interaction be-
tween them in silicon crystals has been the subject of
much research for its technological importance, because
precipitated oxygen acts as a gettering center for metallic
impurities,! and because carbon enhances the oxygen pre-
cipitation.2 Nevertheless, the nature of the interaction
has not been well understood.

In an isolated configuration, oxygen in a silicon lattice
stably occupies a bond-interstitial site, forming a slightly
bent Si-O-Si bond,’~!° and rotates almost freely around
the original Si-Si bond ({111) axis).!! ™13 Isolated carbon
in silicon is usually a substitutional impurity.'* Impurity
vibrations of the isolated bond-interstitial oxygen (O;)
and the isolated substitutional carbon (C;) cause
infrared-absorption lines at 1136 and 607 cm™!, respec-
tively.> 14

Newman and Smith!’ and Bean and Newman!¢ have
studied as-grown Czochralski silicon crystals containing
about 10'® cm™3 oxygen and various concentrations of
carbon up to about 2X10'® cm™3. They have found
three satellite lines at 589, 640, and 690 cm ™! near the
607-cm~! fundamental infrared-absorption line due to
isolated C,. They have also found a satellite line at 1104
cm ™!, near the 1136-cm ™! fundamental line due to isolat-
ed O;. In crystals doped with '3C or !4C, they observed
isotopic splitting for the 589-, 640-, and 690-cm ™! lines,
but detected no splitting for the 1104-cm™! line. From
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the isotopic splitting, the relative strength of the 589-,
640-, 690-, and 1104-cm™! lines, and the dependence of
the line strengths on carbon concentration, they attribut-
ed the lines to vibrations of the carbon-oxygen complex
containing one carbon atom. (We refer to this as com-
plex A in the following text.) They proposed that this
complex contains one oxygen atom by analyzing the rela-
tions between the strengths of the lines, but this has not
been confirmed. They have reported another C-O com-
plex with a lower concentration, which was also attribut-
ed to a complex containing one carbon and one oxygen
atom. (We refer to this as complex B.) This complex
causes an oxygen-related infrared-absorption line at 1052
cm™!, and carbon-related lines at 716, 724, and 744
cm™!. The observed small shifts of the satellite lines of
complex A from the C; and O, fundamental lines suggest
that the atomic configurations around isolated C; and O;
are almost retained in the C-O complex. Based on the
lack of detectable '*C and '*C isotope splitting for the
1104- and 1052-cm™! lines, Newman and Smith!® pro-
posed a model for the C-O complexes in which an oxygen
atom occupies a second- or third-neighbor interstitial site
of substitional carbon without a direct C-O bond. How-
ever, definitive atomic models for the complexes 4 and B
have not yet been established. Shirakawa, Yamada-
Kanata, and Ogawa also observed the two oxygen satel-
lite lines at 1104 and 1052 cm ™!, and six other lines relat-
ed to C-O complexes. They have found that complex B is
less thermally stable than complex A4.!7-1%

We have reported the stability of two types of C-O
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complexes in silicon, in terms of total energy, using ab in-
itio norm-conserving nonlocal pseudopotentials with the
supercell method in local-density approximation.'” In
this paper, we present a more detailed study of our previ-
ous calculations, adding data on impurity vibrations, and
propose atomic configurations for complexes 4 and B.
In Sec. II, we briefly describe the model and method used
in our calculation. In Sec. III, we show the results of our
calculation for the stable atomic configuration, the stabil-
izing mechanism, and the oxygen- and carbon-localized
impurity vibrations originating in the C-O complexes. We
examine two types of atomic configurations as candidates
for the C-O complexes, focusing on whether carbon and
oxygen form a direct C-O bond in silicon crystal or not.
A comparison between energies of the two configurations
clarifies what kind of interaction dominates in stabilizing
the C-O complex in silicon crystals. Calculated impurity
vibrational energies of oxygen and carbon for the two
types of C-O complexes are shown and compared with
experimental data. The observed infrared-absorption
lines of complex A are well explained by vibrational
modes due to the C-O complex without a direct C-O
bond. We also suggest an atomic configuration which ex-
plains complex B based on the comparison. Finally, in
Sec. IV, we give a summary of our main results.

II. MODEL AND METHOD

Based on the experimental data by Newman and
Smith'® and Bean and Newman,'® we assumed that the
C-O complexes contain a substitutional carbon atom and
a bond-interstitial oxygen atom. We examined two types
of atomic configurations, CO-1 and CO-2. In the CO-1
configuration, an oxygen atom occupies one of the first-
neighbor bond-interstitial sites of a substitutional carbon
atom, with a direct C-O bond. In CO-2, the oxygen atom
occupies one of the second-neighbor bond-interstitial
sites without a direct C-O bond. Figure 1 shows the su-
percells used in our calculations. We used the supercells
shown in Fig. 1(a) for isolated C, and (b) for isolated O,

FIG. 1. Supercells used for (a) isolated C;, (b) isolated O,, (c)
CO-1, and (d) CO-2 configurations. The shadowed (110) plane
in (d) is a mirror plane.
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as reference systems for the comparison in Sec. III. The
supercells for CO-1 and CO-2 are shown in Figs. 1(c) and
1(d). They contain one oxygen, one carbon, and seven sil-
icon atoms.

The stable Si-O-Si and Si-O-C structures in the isolated
O;, CO-2, and CO-1 configurations are slightly bent in
our preliminary calculation.?’ Needels et al?' also ob-
tained such a bent structure for Si-O-Si using almost the
same calculation method as ours. In the present calcula-
tion, however, we restricted the structures of Si-O-Si and
Si-O-C to be linear, i.e., we restricted the symmetry of the
stable CO-1, CO-2, and isolated O; configurations to C,,,
C,,, and Dj,, respectively. Our choice of such linear
structures is based on the following results of previous
work. In the case of isolated O;, the stable Si-O-Si struc-
ture is nearly linear.>”'° The energy difference between
the stable bent and the linear Si-O-Si structures is es-
timated to be less than 50 meV.°"!* The above-
mentioned restriction, therefore, would not so much
affect the calculational results of the total energy and the
atomic configuration, apart from the off-axis relaxation of
O, from the Si-Si ({111)) axis, if any. Moreover, this
choice of the straight Si-O-Si structure leads to an unam-
biguous model to describe oxygen’s vibration. The adia-
batic potential for oxygen’s off-axis displacement is well
approximated by an axially symmetric potential with a
low-energy barrier at the on-axis site.'”'* Because the
barrier is low enough, the bent bridged Si-O-Si structure
easily changes to the oppositely bent configuration by
axis-perpendicular motion of the oxygen. Therefore, the
bent bridged Si-O-Si structure, which might be stable is
the statical point of view, is not physically meaningful as
a starting point to discuss the oxygen vibrations. By em-
ploying the straight Si-O-Si structure as the origin of the
atomic displacements, we can separate oxygen’s axis-
parallel and axis-perpendicular motions. This is an
unambiguous zeroth-order approximate description of
the vibration, which is good enough for our present pur-
pose. We checked the difference between the vibrational
energies calculated with the straight and the bent bridged
Si-O-Si structures by the linear combination of atomic or-
bitals (LCAO) method.!® We obtained 10% for the ex-
perimentally observed 1136-cm™' mode, and 1% for
another infrared-active mode observed at 517 cm~'. For
the C,-O; complexes, this argument would be also valid
because the relatively small shifts of the 1104- and 1052-
cm ! lines from the isolated oxygen line at 1136 cm '
suggest that the change in the atomic configuration of O;
caused by carbon is not so large. Actually, our prelimi-
nary calculation?® suggests that the stable Si-O-Si and Si-
O-C structures in the CO-1 and CO-2 configurations, re-
spectively, are also nearly linear and that the energy
differences between the stable bent and the linear struc-
tures are small. The effect of the restriction on the Si-O-
Si or Si-C-O structures only appears in the missing of en-
ergy splitting of the carbon mode in the CO-1
configuration, which will again be mentioned in Sec.
IIIB. For the stable configuration of isolated C;, the
symmetry is restricted to T,;. Restricting the symmetries
of the systems as mentioned above reduces the amount of
calculations.
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The total energy for each configuration was calculated
using the norm-conserving nonlocal pseudopotentials tab-
ulated by Bachelet, Hamann, and Schluter.?? The
Ceperley-Alder form parametrized by Perdew and
Zunger®>?* was used for the exchange-correlation energy.
The stable atomic positions of oxygen, carbon, and their
neighboring silicon atoms in each configuration were
determined by calculating the Hellmann-Feynman force®
with the above-mentioned restrictions on symmetry. To
compare the total energy of each system, equivalent sets
of special points in the Brillouin zone containing 4, 10,
10, and 20 k points were used according to the symmetry
of isolated C,, isolated O;, CO-1, and CO-2
configurations, respectively. The energy cutoff of the
plane-wave basis was set at 29.16 Ry. We checked the
dependence of the calculated results on the energy cutoff
from 16 to 29.16 Ry, and confirmed that this cutoff ener-
gy is enough for our purpose, although a larger cutoff en-
ergy is needed for the total energy of a system containing
oxygen to converge.?

In this framework, the calculated lattice constant of a
perfect silicon crystal is 5.37 A, well reproducing the ex-
perimental value, 5.43 A, the error being only about 1%.
In our calculations, we fix the lattice constant to this cal-
culated value.

III. RESULTS

A. Stable atomic configuration
and the stabilizing mechanism

The calculated stable atomic positions and valence-
charge-density distributions of CO-1 and CO-2 projected
onto the (110) plane are shown in Figs. 2(a) and 2(b), re-
spectively. The bond lengths and bond angles around
carbon and oxygen for the calculated stable isolated O;,
isolated C,, CO-1, and CO-2 configurations are listed in
Table I. The deviations of the stable atomic positions
calculated at 29.16 Ry from the converged positions are
estimated by extrapolating the calculated positions with
respect to the cutoff energy. The extrapolation gives 0.03
A for carbon in CO-1, 0.02 A for silicon located between
carbon and oxygen in CO-2, and less than 0.01 A for all
other atoms. The order of the calculated bond lengths
listed in Table I, therefore, does not change, even if we
extend the cutoff energy. The calculated Si-O bond
lengths in CO-1 (1.65 A) and CO-2 (1.64 A) are slightly
larger than calculated for isolated O; (1.62 A), due to the
lattice relaxation caused by carbon. In the CO-2
configuration, the calculated values of the two Si-O bond
lengths are the same, even though we put no restrictions
on them. On the other hand, the C-Si bond lengths in
CO-1 and CO-2 are smaller than the length of 2.14 A cal-
culated for isolated C,. The C-O bond length (1.42 A)is
much smaller than O Si and C-Si bond lengths, corre-
sponding to a strong bond between carbon and oxygen.
In the CO-2 configuration, we find a large displacement
of the silicon atom located between carbon and oxygen,
0.56 A, from its original position in the perfect silicon
crystal.

The change of total energy in the formation of the C-O
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complex in silicon is calculated from
AECO=(ECO+E5i)—(ECI+EOi) , (1)

where Ecq, Ec- , and E, are the total energies of sys-

tems containing the C-O complex in the CO-1 or CO-2
configuration, isolated C, and isolated O;. Eg; is the to-
tal energy of the pure silicon system. The convergence of
AE o for CO-1 and CO-2 as a function of plane-wave
cutoff energy was tested from 16 to 29.16 Ry (Fig. 3).
For the CO-1 configuration, AE - has not yet converged.
For the CO-2 configuration, AE -, converges to —1.17
eV. The CO-2 configuration is therefore stable as a C-O
complex. At this stage, the stability of the CO-1
configuration as a C-O complex is not conclusive. How-
ever, it is at least clear that the CO-1 configuration is not
as stable as the CO-2 configuration.

To understand the stabilizing mechanism of the C-O
complex, we separate the total energy of a system into
two parts, the electrostatic and electronic parts. Here, we
define the electrostatic energy of a system by

E::Eii_Eie+Eee ’ (2)

where

FIG. 2. Calculated stable atomic positions and the valence-
charge-density distributions in the (110) plane for (a) CO-1 and
(b) CO-2 configurations. The dashed lines show the original
bond structure in the perfect silicon crystal.
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TABLE 1. Calculated bond lengths and bond angles for opti-
mized atomic positions in isolated O;, isolated C,, CO-1, and
CO-2 configurations. All lengths are in A and all angles are in
degrees. The number given to each silicon atom corresponds to
the number in Fig. 1.

Bond length

Configuration Symmetry Bond (bond angle)

Isolated O, Dy, O-Si 1.62

Isolated C; T, C-Si 2.14

Si-C-Si (109.47)

CO-1 Cs, 0-Si(4) 1.65

C-Si(1) 2.05

C-0 1.42

O-C-Si(1) (100.92)

Si(1)-C-Si(2) (116.49)

CO-2 Cii 0O-Si(4) 1.64

0O-Si(5) 1.64

C-Si(1) 2.01

C-Si(2) 2.12

C-Si(4) 1.96

Si(1)-C-Si(2) (113.41)

Si(1)-C-Si(4) (99.24)

Si(2)-C-Si(3) (105.15)

Si(2)-C-Si(4) (112.94)

. 22,Z,
E~13 R AR (3)
uFv
2Z
E, = —LE —pdr, 4)
% f Ir—R,| Po

E.<:[[ ﬁpédrdr’ : (5)

Rydberg units are used in this equation. Z, is the
valence of the uth ion core and the R, is the position vec-
tor of the uth atom. pg is the average density of valence
electrons in the system. E; depends only on the
configuration of the ion cores and is independent of the
valence-charge distribution. The electronic energy E, i

defined by

E,=E,—E,, (6)
0 T r
> -05]
8 CO-1
S -0} :
CO-2 —
-1.5 ' ' '
0 10 20 30 40
Cutoff energy (Ry)

FIG. 3. Convergence of the total energy change, AE o, for
CO-1 and CO-2 as a function of plane-wave cutoff energy.
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TABLE II. Electrostatic and electronic parts of calculated
AE(o in eV. The cutoff energy is fixed at 29.16 Ry. Each part
of the energy calculated for the configuration containing isolat-
ed O; and isolated C; together is taken to be zero.

CO-1 CO-2
Electronic —33.72 2.92
Electrostatic 33.36 —4.09
Total —0.36 —1.17

where E, is the total energy of a system. Table II com-
pares the electrostatic and electronic parts of the change
of total energy AEy, in the CO-1 and CO-2
configurations. The electronic part of AE-, decreases
when carbon and oxygen approach each other to take the
CO-1 configuration, strongly hybridizing carbon sp> and
oxygen 2p orbitals, and producing the large buildup of
valence charge between carbon and oxygen shown in Fig.
2(a). At the same time, the electrostatic part, which is re-
lated to lattice relaxation, increases. As a result, the total
energy does not decrease largely in this configuration. In
CO-2, the decrease in the electrostatic part of AEq
lowers the total energy, making this configuration more
stable than CO-1. We checked the dependence of this re-
sult on the cutoff energy. For CO-1, as the cutoff energy
increases, with the stable C-O bond length decreasing,
the electrostatic part of AE -y continues to increase and
the electronic part continues to decrease. In contrast, the
two parts of AEy in CO-2 are unchanged for cutoff en-
ergies over 25 Ry. The above-mentioned result is not
therefore changed even for the infinity limit of the cutoff
energy.

To confirm this stabilizing mechanism, we carried out
a calculation without lattice relaxation. In the calcula-
tion for Eco, Eq,, and Ec , we replaced one of the silicon

atoms with a carbon atom and placed an oxygen atom at
a bond-center site. Displacement of the silicon atoms
around the incorporated impurity atoms was not allowed.
The result is shown in Table III. We find that CO-1 is
more stable than CO-2 when lattice relaxation is inhibit-
ed. The lattice relation therefore plays an essential role
to determine the stability of the C-O complex.

B. Impurity vibrations

For the optimum atomic configurations obtained
above, we calculated the impurity vibrational energies of
oxygen and carbon. Prior to the calculation for the C-O
complexes, we roughly checked the cutoff energy depen-
dence of vibrational energies for isolated C, and isolated
O;. The calculated energies increase as the cutoff energy

TABLE III. Electrostatic and electronic parts of AEcq cal-
culated without lattice relaxation. All energies are in eV.

CO-1 CO-2
Electronic —1.10 —0.12
Electrostatic 0 0
Total —1.10 —0.12
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increases. The vibrational energies of isolated C; and iso-
lated O; calculated at 29.16 Ry, at which the cutoff ener-
gy is fixed in the following calculation, are 2% and 5%
larger, respectively, than the vibrational energies calcu-
lated at 20.25 Ry.

The vibrational energies of oxygen-localized antisym-
metric stretching modes of Si-O-Si in CO-2 and in isolat-
ed O;, and Si-O-C in CO-1 were calculated taking ac-
count of the coupling between the motion of oxygen and
of the adjacent silicon or carbon atoms. Table IV lists
the results and compares them with the experimental re-
sults. The calculated energy for isolated O;, 1221 cm™',
is 7.4% larger than the experimental value, 1136 cm ™.
This is mainly because of the small supercell size we used.
We therefore only discuss the trend of the shifts of the vi-
brational energies from that of the isolated O;. The cal-
culated value for CO-2, 1154 cm ™!, is lower than for iso-
lated O;, consistent with the fact that the observed oxy-
gen lines of complexes 4 and B are on the lower-energy
side of the isolated O; line. The stretching force con-
stants calculated for the Si-O bonds in CO-2 and isolated
O, configurations are 4.9X 10° and 5.5X 10° dyn/cm, re-
spectively. Almost the same values, 4.9X 10° and
5.07X 10° dyn/cm, have been obtained for the Si-O bond
length in isolated O;,® and for vitreous SiO,,”’ respective-
ly. In the CO-2 configuration, the slight increase in the
Si-O bond length, caused by the relaxation of the silicon
atom between carbon and oxygen, causes the reduction in
the force constant and, as a result, the reduction in the vi-
brational energy of oxygen. The calculated value for
CO-1, 1253 cm™ !, is higher than that for isolated O;, and
contradicts the fact that the observed oxygen lines caused
by complexes 4 and B are on the lower-energy side of the
line due to isolated O,. This is explained by the large

TABLE IV. Impurity vibrational energies of oxygen and car-
bon in isolated O,, isolated C;, CO-1, and CO-2 configurations.
The cutoff energy is fixed at 29.16 Ry. All energies are ex-
pressed in wave number (cm ™ !). The ratio of the shifts of the vi-
brational energies of oxygen and carbon in complexes from
those of isolated O; or C, are shown in % in parenthesis. Ex-
perimental data are taken from the Refs. 3 and 14-16.

Configuration Origin Calculation Experiment
Isolated O; 0] 1221 1136
Isolated C; C 450 607
CO-2, Complex A4 o 1154 (—5.4) 1104 (—2.8)

C 395 (—12.2) 589 (—2.9)
C 509 (13.1) 640 (5.4)
C 543 (20.6) 690 (13.6)
CO-1 O 1253 (2.6)
C 713 (58.4)
C 413 (—8.2)
Complex B (0] 1052 (—7.4)
C 716 (18.0)
C 724 (19.3)
C 744 (22.6)
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stretching force constant of the C-O bond, 8.5X10°
dyn/cm, which is 1.8 times larger than the stretching
force constant of the Si-O bond in CO-1, 4.7X10°
dyn/cm. This result suggests that the atomic
configurations of both complex 4 and complex B are not
of the CO-1 type with a direct C-O bond.

Table IV also lists the results for carbon-localized
modes and compares them with experimental data. The
coupling between the motion of the carbon and those of
surrounding atoms is neglected in this calculation. If we
take the coupling into account in the case of isolated C,,
we obtain the vibrational energy, 471 cm™!, which is
4.6% larger than the value of 450 cm™! obtained when
we neglect the coupling. Again, because of the small su-
percell size we used, incomplete lattice relaxation may
cause residual tension around a carbon atom and lower
the vibrational energy. We therefore only discuss the
trend of the shifts of the vibrational energies from that of
the isolated C;.

In the CO-1 configuration, whose symmetry is C;,, the
triply degenerate T, vibrational mode of isolated C;
splits into two modes, E and 4,. In the doubly degen-
erate E mode, the direction of motion of the carbon atom
is in the plane perpendicular to the C-O bond. The calcu-
lated vibrational energy of this mode is 413 cm ™!, which
is lower than that of isolated C;, 450 cm™'. This soften-
ing is due to the strong electrostatic repulsion between
carbon and oxygen arising from the electrostatic part of
the total energy E; in Eq. (2). This repulsion reduces the
stability of the carbon atom with respect to its displace-
ment perpendicular to the C-O bond. If we account for
the small bending of the Si-O-C bond neglected here, and
if the rotation of oxygen around the (111) axis is
quenched, the E mode splits slightly. The 4, mode is a
totally symmetric C-O bond stretching mode. The vibra-
tional energy calculated for this mode is 713 cm ™!, 58%
larger than the 450 cm™! obtained for isolated C,. This
is because of the strong C-O bond. This energy shift of
the 4, mode caused by the formation of the complex is
very large compared to any carbon line shift observed for
complex 4 and B (see Table IV). This also excludes the
possibility of the CO-1 configuration as a candidate for
complex A4 or B.

In the CO-2 configuration, C, Si(4), and O are on a mir-
ror plane, as shown in Fig. 1(d). The symmetry of this
configuration is C,,. Three nondegenerate carbon-
localized modes appear for this configuration. Two of
them are the totally symmetric 4 modes in which the
carbon atom displaces in the mirror plane. The vibra-
tional energies calculated for these modes are 509 and
543 cm ™!, which are higher than that calculated for the
original T, mode of isolated C,. This is because oxygen
causes compressive stress at the carbon site in the mirror
plane. In the other mode, the B mode, the carbon atom
displaces perpendicular to the mirror plane. The calcu-
lated vibrational energy for this mode is 395 cm ™!, which
is lower than that for the T, mode of isolated C;.

Consequently, the impurity vibrations observed for
complex A are well explained by the results for CO-2.
For complex B, however, all energies of the carbon satel-
lites are higher than that of the fundamental line, 607
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cm !, meaning that the configuration of complex B can-
not be CO-2 or CO-1.

IV. DISCUSSION

Here we discuss the atomic configurations of com-
plexes 4 and B, based on the comparison between the
calculated and observed impurity vibrational energies.
We find that all energy shifts of O; and C; lines of com-
plex A4 from their fundamental lines are well explained by
the CO-2 configuration. We therefore assign complex A4
to the CO-2 configuration.

In this calculation, we examined only the CO-1 and
CO-2 configurations. But, based on the calculations
presented above, it is suggested that, if CO-N (N =3)
configuration in which oxygen occupies an Nth-neighbor
bond-interstitial site of a carbon atom is stable as a C-O
complex, the stabilizing mechanism would be the same as
for the CO-2 configuration, because carbon and oxygen
do not have a direct C-O bond in the configuration. For
example, in the CO-4 configuration in Fig. 4, whose sym-
metry is also C;,, the trend of the vibrational energy
shifts of carbon and oxygen would be qualitatively the
same as in the CO-2 configuration. The shifts in vibra-
tional energy would be smaller than those in the CO-2
configuration because, in the CO-4 configuration, the
change of the atomic configuration around carbon and
oxygen in the formation of the complex is smaller than in
the CO-2 configuration. Based on this consideration, the
possibility that complex A4 is assigned to CO-4
configuration, therefore, remains.

Next, we discuss candidates for complex B. The ab-
sorption lines of complex B are not explained by the CO-
1 or CO-2 configuration. All of the observed carbon sa-
tellites of complex B are on the higher-energy side of the
isolated C; line. The large energy shift of the carbon sa-
tellites to higher energies and the small splitting between
them suggest that compressive stress around the carbon
atom in complex B is large and isotropic. This is not ex-
plained by anisotropic configurations such as CO-1, CO-
2, or CO-4. At least one more oxygen atom, for example

FIG. 4. Atomic configuration of CO-4. The symbols for car-
bon, oxygen, and silicon are the same as in Fig. 1.
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outside the mirror plane in Fig. 1(d), may be needed to
explain the absorption lines at 716, 724, and 744 cm ™! of
complex B. In this point, our model for complex B is
different from that proposed by Bean and Newman,'®
which contains only one oxygen atom.

We have shown that the CO-2 configuration is stable
for a C-O complex. Configurations like CO-2, without a
direct C-O bond, would be convenient for several oxygen
atoms to gather around a carbon atom. Oxygen at one of
the second-neighbor interstitial sites of carbon would not
largely disturb the network of silicon around the carbon
atom, because the displacement of carbon from the ideal
substitutional site is small in the CO-2 configuration.
When the next oxygen atom approaches a C-O complex,
it could occupy an interstitial site near the carbon atom.
In this way, at least a few oxygen atoms may aggregate
around a carbon atom.

V. CONCLUDING REMARKS

We have investigated the stable atomic configuration,
stabilizing mechanism, and impurity vibrations of C-O
complexes in silicon using norm-conserving pseudopoten-
tials with the supercell method. We have found that a
substitutional carbon atom and an interstitial oxygen
atom form a stable C-O complex. The CO-2
configuration, in which an oxygen atom occupies a
second-neighbor bond-interstitial site of a carbon atom
without a direct C-O bond, is stable for a C-O complex.
The calculated total-energy reduction in the formation of
isolated C; and O; into a complex of the CO-2
configuration is 1.17 eV. We could not determine the sta-
bility of the CO-1 configuration with a direct C-O bond.
But, at least, it is not as stable as the CO-2 configuration.
We compared the calculational results with and without
lattice relaxation around the impurities and have found
that lattice relaxation is essential to the stability of C-O
complexes. We have also calculated the vibrational ener-
gies of oxygen and carbon in the CO-1, CO-2, isolated C;,
and isolated O; configurations. The CO-1 configuration
does not explain the absorption lines observed for either
complex A4 or B, meaning that neither complex A4 nor B
has this configuration. The results for the CO-2
configuration well explain the set of infrared absorption
lines at 589, 640, 690, and 1104 cm ! observed by New-
man et al. In the CO-2 configuration, oxygen causes
compressive stress around carbon mainly in the (110)
plane which contains carbon, oxygen, and silicon located
between them. We have assigned the carbon-related ab-
sorption line at 589 cm ™! to carbon vibration perpendic-
ular to the {110) plane, and the lines at 640 and 690
cm ! to vibrations in the plane. To explain another set
of lines at 716, 724, 744, and 1052 cm !, it may be neces-
sary to consider at least two oxygen atoms in a complex.
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(d)

Supercells used for (a) isolated C,, (b) isolated O,, (c)

CO-1, and (d) CO-2 configurations. The shadowed (110) plane

in (d) is a mirror plane.

FIG. 1.



