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Interstitial-substitutional carbon pairs (CiCs) in silicon display interesting metastable behavior associated
with two different structural configurations. In this work, we perform extensiveab initio calculations on this
system. Our results show the following.~i! The metastable configuration for the neutral charge state displays
C1h symmetry and it is reminiscent of the isolated interstitial carbon configuration, i.e., a split interstitial C-Si
pair with the substitutional carbon bonded to the silicon interstitial.~ii ! The ground-state configuration also has
C1h symmetry, but it consists of a single silicon interstitial twofold coordinated in an unusual bridge configu-
ration between two substitutional carbon atoms. With an activation energy of 0.07 eV, this configuration
becomes a motional-averaged state withC3v symmetry.~iii ! The ground state is lower in energy by 0.11 eV
with respect to the metastable state. The jump from one configuration to the other corresponds to a simple
‘‘bond-switching’’ mechanism with a calculated energy barrier of 0.13 eV.~iv! Both configurations have two
electronic states in the gap, with gap-state wave functions consistent with the local bonding of the defect
complex in each case.~v! Analysis of local-mode vibrations on the ground-state configuration indicates a
stronger component in one of the carbon atoms, which explains the experimentally observed isotope splittings.
Vibrational frequencies for the metastable configuration are also predicted. All of these results are in satisfac-
tory agreement with experiments.@S0163-1829~98!07236-1#
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I. INTRODUCTION

Carbon is a common impurity in Czochralski- or floatin
zone-grown silicon.1 It is initially incorporated as a substitu
tional defect (Cs) in concentrations as high a
1017– 1018 cm23. Upon 2 MeV electron irradiation, mobile
silicon interstitials are created and react with Cs to form in-
terstitial carbon (Ci).

2,3 Ci also has enough mobility abov
room temperature to migrate and form defect complex
Amongst these complexes, carbon-carbon pairs have b
the most extensively studied by experimentalists. These p
are commonly referred to interstitial-substitutional pa
(CiCs).

Song et al.4 have used a variety of experimental tec
niques in order to investigate structural, electronic, optic
and vibrational properties of these defects. Most intere
ingly, they have shown that carbon-carbon pairs displa
bistability associated with two different structural configur
tions that are either stable or metastable depending on
charge state. They labeled these configurationsA ~stable in
the 11 or 21 charge state! and B ~stable in the neutra
charge state!. A complete configuration-coordinate energ
surface was obtained for all three charge states, includ
energy-level positions and conversion barriers. Two g
states were found for each configuration: donor levels~0/1!
at Ev10.09 eV (A) andEv10.05 eV (B) and acceptor lev-
els ~2/0! at Ec20.17 eV (A) andEc20.11 eV (B). Models
were proposed for theA andB configurations based on elec
tron paramagnetic resonance~EPR! measurements: a C-S
PRB 580163-1829/98/58~15!/9845~6!/$15.00
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split interstitial with a Cs bonded to the Si atom withC1h

symmetry for theA configuration and an unusual Cs-Sii-Cs
bridge configuration with the Si atom slightly off the bon
center for theB configuration. TheB configuration displayed
C3v symmetry along â111& axis for T.15 K and lower
symmetry for lower temperatures, which is indicative
motional-averaged state. As will become clear later, the
configurations differ by a single bond switch, and th
present intriguingly small differences in total energy~less
than 0.05 eV for all charge states!.5 In addition to that, an
optical transition at 0.97 eV has been identified as aris
from the B configuration4 and vibrational local-mode side
bands have been measured by photoluminescence.4,6,7 The
local-mode structure and isotope splittings suggest dec
pled vibrations at each of the carbon atoms, in apparent c
tradiction to the ‘‘symmetric’’ structure of theB configura-
tion.

This rich variety of interesting properties is both attracti
and challenging from a theoretical perspective. So far, a
theoretical calculations have been performed addressing
ticular aspects of this system. Tersoff8 has used empirica
classical potentials to calculate the energies of several ty
of carbon defects in silicon, including carbon-carbon pa
In agreement with experiment, he found bothA andB con-
figurations with very similar energies. A third low-energ
metastable configuration was found~0.1 eV aboveA andB),
corresponding to a C-C split interstitial that has not be
detected experimentally. Burnard and DeLeo9 performed
semiempirical electronic-structure calculations in clusters
9845 © 1998 The American Physical Society
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ing several methods. Their results are somewhat param
zation dependent, but they also obtain theA andB configu-
rations and the correct stability dependence on charge s
although the energy differences between stable and m
stable configurations are much larger~0.4–0.6 eV! than ex-
perimental ones. They have also obtained vibrational
quencies somewhat higher than experiments. More rece
Leary et al.10 employed a local density functional~LDF!
cluster method to investigate the geometry and vibratio
spectrum of the isolated Ci and carbon-carbon pair. The
obtain theA configuration as the ground state for all char
states, also with energy differences much larger than exp
ment ~0.35 eV to 0.5 eV, depending on the charge sta!.
However, they find the correct trend in charge state dep
dency: a configuration is more stable in charged configu
tions. Their calculated vibrational frequencies are in exc
lent agreement with experimental ones.

In this work we investigate a broad range of properties
carbon-carbon pairs in silicon byab initio total-energy
pseudopotential calculations. This approach has been
cessfully used to study the properties of the isolated car
interstitial11 and other carbon-related defects in silicon.12 We
focus our attention on the neutral charge state of the de
complex. Even though charge-state effects are extremely
portant~they drive the bistability of the defect!, we will show
that much can be learned from neutral-state investigat
We divide this paper as follows: In Sec. II, we summar
the technical aspects of our calculational method. Section
contains a detailed description of theA andB configurations
of CiCs . In Sec. IV, we describe the electronic structure
the gap states for both configurations. Section V is devo
to the calculation of the energy barrier and mechanism
conversion from one configuration to the other. In Sec.
the vibrational properties of the defect are described. Fina
in Sec. VII we present our conclusions.

II. METHOD

We performab initio total-energy calculations based o
the local-density approximation~LDA ! of density-functional
theory,13 with the exchange-correlation functional given b
the Perdew-Zunger parametrization14 of Ceperley-Alder
results.15 Separable norm-conserving nonlocal pseudopo
tials with optimized convergence16 are used. This allows an
energy cutoff of only 40 Ry for the plane-wave basis.
cubic supercell with 65 atoms~64 plus the interstitial! is
used, which allows full relaxation up to second-near
neighbors of the defect core~C-Si-C! according to Hellman-
Feynman forces. Relaxation effects due to more dis
neighbors are calculated using an empirical Keat
potential.17 Reciprocal-space summations are performed

ther with the G point only or the special point (1
4 , 1

4 , 1
4 ),

which unfolds into 3kW points when symmetry is lowered t
C1h . Electronic wave functions are obtained by t
conjugate-gradients method.18

III. THE A AND B CONFIGURATIONS

Total-energy calculations performed as described ab
indicate the existence of the two~meta!stable configurations
A and B. Figure 1 shows the fully relaxed atomic config
tri-
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ration around the defect core for both configurations.
bond lengths and some bond angles are shown in the fi
caption. All geometrical parameters are in good agreem
with the LDF cluster calculation of Learyet al.10 As pro-
posed by experiments,4 configurationA is indeed similar to
the atomic arrangement around a single Ci in silicon:11 a
C-Si ^100& split-interstitial with threefold-coordinated C an
Si interstitials slightly perturbed by a nearby substitution
carbon impurity. ConfigurationB, on the other hand, con
sists of an unusual twofold coordination for the central
atom, which is accommodated between two substitutio
carbons. As first noticed, to our knowledge, by Tersoff,8 both
configurations are greatly stabilized by a partial cancelat
of compressive and tensile stresses due to the intersti
~C-Si or Si! and substitutional carbon~s!, respectively.

Our calculated energy of theB configuration is lower by
0.11 eV with respect to theA configuration for the neutra
charge state.19 The experimental value is 0.02 eV. The di
ference~0.09 eV! is within the expected overall error intro
duced by the approximations involved in the calculation
should be noticed that the near energy degeneracy of the
structures is accidental. It is due to a delicate interplay
tween chemical bonding and strain: The two configuratio
differ by a single bond switch where a Si-Si bond is replac
by a C-Si bond, which is lower in energy by 1.2 eV.20 How-
ever, this energy difference is almost entirely compensa

FIG. 1. Atomic configurations around theA and B carbon-
carbon pairs. The plane of the figure is slightly rotated out of
~110! symmetry plane, so that out-of-plane atoms can be see
perspective. Bond distances forA: C~1!-Si~1!, 1.726 Å; C~2!-Si~1!,
1.853 Å; Si~1!-Si~2!, 2.342 Å; other C~1! bonds, 1.825 Å and 1.825
Å; other C~2! bonds, 1.984 Å, 1.984 Å, and 2.032 Å. Bond angl
for A: C~1!-Si~1!-C~2!, 119.5°; C~1!-Si~1!-Si~2!, 105.4°; angles
centered on C~1!, 107.6°, 107.6°, and 141.6°. Bond distances
B: C~1!-Si~1!, 1.833 Å; C~2!-Si~1!, 1.805 Å; C~1!-Si~2!, 2.083 Å;
other C~1! bonds, 1.950 Å and 1.950 Å; other C~2! bonds, 2.026 Å,
2.026 Å, and 1.931 Å. Bond angles forB: C~1!-Si~1!-C~2!, 127.3°;
Si~1!-C~1!-Si~2!, 75.7°.



o

-

f
ca
er

m

on
by

e
la
,

is
e

nc
th
si
o

he
le

ith
a
ce

-
ec-

ne-
ns

ies

the
tes
ar-

-

al,

n
ent
ld
n-
ith

ial
two
is

on-

in

es
on

res
he

hich

PRB 58 9847THEORY OF CARBON-CARBON PAIRS IN SILICON
for by the introduction of large strains in order to accomm
date the Si interstitialcy.

Both configurations display theC1h symmetry of a single
mirror-symmetry~110! plane. This is consistent with the ex
perimentally observed symmetry of configurationA. The
configurationB has alsoC1h symmetry, but the breaking o
the Si-Si bond suggests that the central silicon atom
rotate almost freely around the C-C axis. Indeed, at temp
tures above 15 K, as mentioned before, theB defect consists
of a motional-averaged state withC3v symmetry. In addition
to this thermally induced ‘‘classical’’ rotation, a quantu
rotation is observed even at very low temperatures,21 as a
consequence of the tunneling of the central Si atom from
C1h configuration to another. This tunneling is facilitated
the very small displacements~only 2p/6 radians! necessary
for rotating from oneC1h configuration to another. We hav
obtained the energy barrier for thermal rotation by calcu
ing the energy of the expected saddle-point for rotation
intermediate configuration withC2 symmetry. We find a bar-
rier of 0.07 eV for the thermally induced rotation, which
indeed very small but somewhat above the estimated exp
mental value of 0.01 eV.21

The bonding structure of bothA andB configurations can
be visualized in detail in Fig. 2, where the calculated vale
electronic density is displayed. The plane of the figure is
mirror-symmetry plane. The carbon atoms can be ea
pointed out in the figure due to the strong concentration
electrons around them, forming partly ionic bonds with t
neighboring silicon. The silicon atoms show the usual dep
tion of ~valence! charge on them and covalent bonding w
each other. Going fromA to B, one can clearly see that
Si-Si bond is broken and a C-Si bond is formed in its pla

IV. GAP STATES AND WAVE FUNCTIONS

In accordance to experimental results,4 we find two gap
states near the band edges~donor and acceptor levels! for

FIG. 2. Contour plots of the total valence electronic density
the mirror-symmetry plane for bothA and B configurations. Con-
tours vary from 0.25 to 1.50 in steps of 0.25~units are
electrons/Å3). Atom labels are the same as in Fig. 1. Thicker lin
between atoms are a guidance to better visualize atomic positi
-
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both A and B configurations. Although Kohn-Sham eigen
values cannot be quantitatively related to the excitation sp
trum, it is possible to compare qualitative trends in the o
electron eigenstates with spin wave-function distributio
inferred from EPR.4

For this purpose, we plot in Fig. 3 the electronic densit
associated to each of the gap states. Figures 3~a! and 3~b!
correspond, respectively, to donor and acceptor levels in
A configuration. The electronic signatures of both gap sta
are remarkably close to the states of isolated interstitial c
bon in the split configuration,11 as expected from the simi
larity of both structures. The lower gap state (Adonor) is a
p-like state strongly localized on the carbon interstiti
whereas the upper gap state (Aacceptor) is a more extended
p-like state on the silicon interstitial, with some contributio
from nearby bonds. All of these features are in agreem
with EPR results4 and they can be explained by the threefo
coordination of both carbon and silicon in the C-Si split i
terstitial and by the higher electronegativity of carbon w
respect to silicon.

As we have seen in the previous Section, theB configu-
ration consists of a twofold-coordinated silicon interstit
between the carbon-carbon pair. Therefore we expect the
gap states to be primarily localized on the silicon. This
indeed what happens, as shown in Figs. 3~c! and 3~d!. The
Bacceptorstate@Fig. 3~d!# is a p-like state quite similar to the
Aacceptor, but theBdonor state is substantially different from
Adonor . It mainly consists of asp3-like states on the silicon
atom and on the neighboring carbons.

V. A TO B CONVERSION

We now calculate the energy barrier and pathway for c
version from the metastableA configuration to the stableB

s.

FIG. 3. Contour plots of gap-state electronic densities. Figu
~a! and ~c! correspond to the mirror-symmetry plane, and t
thicker lines have the same meaning as in Fig. 2. Figures~b! and~d!
correspond to a plane perpendicular to the symmetry plane w
contains the central silicon atom~marked with a cross!. ~a! Adonor

state, contours from 0.09 to 0.54 in steps of 0.25;~b! Aacceptorstate,
contours from 0.02 to 0.12 in steps of 0.02;~c! Bdonor state, con-
tours from 0.012 to 0.072 in steps of 0.012;~d! Bacceptor state,
contours from 0.02 to 0.12 in steps of 0.02~units are electrons/Å3).
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in the neutral charge state. Since there is no intermed
high-symmetry configuration from which a saddle-po
could be inferred, we proceed by performing constrain
total-energy calculations where the position of one of
atoms is restricted to planes perpendicular to a vector join
its initial ~configuration A) and final ~configuration B)
positions.22 We choose C~1! to be the constrained atom~see
Fig. 1! since it suffers the largest displacement during
conversion process. This procedure will define t
minimum-energy pathway and, consequently, the ene
barrier for conversion if one assumes the process to be a
batic and in the absence of multiple valleys in the tot
energy hypersurface. Deviations from adiabaticity will ge
erally lead to higher barriers.23

The results for the constrained total-energy calculati
are shown in Fig. 4. In this figure, the ‘‘conversion coord
nate’’ a running from 0 (A) to 1 (B) defines the plane tha
the C~1! is constrained to. The calculated activation ene
for conversion fromA to B in the neutral charge state is 0.1
eV, in good agreement with the experimental value of 0
eV.4 One can also notice that the barrier is very asymmet
The A defect oscillates much more softly in the conversi
coordinate than theB defect. This result is consistent wit
the large difference observed in measured prefactors for
version time constants~9310212 s for A to B conversion
and 4310213 s for B to A conversion!.4 In Fig. 5 we illus-
trate the minimum-energy pathway by plotting snapshots
the ionic positions during the conversion process. As
pected, the atoms in the defect core remain on the symm
plane all along the conversion pathway.

FIG. 4. Constrained total energy~in eV! as a function of the
‘‘conversion coordinate’’a: ConfigurationsA andB correspond to
a50 anda51, respectively.

FIG. 5. Ionic positions in the mirror-symmetry plane illustratin
the conversion pathway.
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VI. LOCAL VIBRATIONAL MODES

To determine the local vibrational modes for theA andB
configurations we calculate the matrix of force constants
ing a finite-difference approach. The matrix elementF ia, j b
is approximated by2dF j b /dRi ,a , wheredF j b is the calcu-
lated force on atomj , directionb, for a small displacemen
dRi ,a on atom i along directiona. Displacements are ex
ecuted on the atoms around the defect core~including the
first-neighbor shell!. Bulk Si force constants, also calculate
ab initio, are used for the matrix elements of the outer she

We first present our results for theB defect, since this is
the case for which both photoluminescence4,6,7 ~PL! and
theoretical10 results are available for comparison. Table
shows our calculated along with experimental vibration
frequencies of the local modes, including isotope splittin
We also plot, in Fig. 6, the phonon eigenstates for the mo
that transform as theA representation of the point grou
~in-plane vibrations of the C-Si-C defect core!. To analyze
the modes, it is instructive to recall the vibrations of an is
lated C-Si-C molecule. The highest- and second-highest
quency modes@841.1 cm21 and 715.7 cm21, Fig. 6~a! and
6~b!# are reminiscent of the antisymmetric stretch and brea
ing modes, respectively, of the isolated molecule. In the m
ecule, PL sidebands due to the antisymmetric mode would
forbidden. Indeed, this mode is not observed experimenta
although symmetry breaking due to the crystal field wou
make it weakly allowed. The breathing mode, however,
also not observed in PL as it should by symmetry consid
ations and it has been suggested10 that this may happen be

TABLE I. Vibrational frequencies~in cm21) and isotope shifts
of local modes for theB configuration. Experimental frequencie
are in parentheses.

Symm. 12C-12C 12C-13C 13C-12C 13C-13C

A 841.1 822.6 838.8 819.3
A 715.7 710.8 694.6 690.7
B 643.4 643.4 624.1 624.1
A 567.0 552.4 566.0 551.3

~579.5! ~578.9! ~564.6!
B 513.8 506.5 513.8 506.4
A 502.8 501.7 499.1 499.0

~543.0! ~542.9! ~532.9!

FIG. 6. In-plane local modes for theB configuration.



-
th
a

bu

th
s
t

f
th

in
se
e
ac

m
nc
tu
c

Å

fo
th

e
th
n

n
lo
re

e
r

are

a-
n-

e
m
a

the

r 2:1

n
w-
r-

nal

is-

e,

ld-
ns.

nd
can-
cu-

d

hat
xi-

PRB 58 9849THEORY OF CARBON-CARBON PAIRS IN SILICON
cause of short lifetimes due toB to A conversion. Going to
lower energies, one finds two modes~643.4 cm21 and
513.8 cm21) that transform as theB representation, corre
sponding to decoupled out-of-plane vibrations of each of
carbons~not plotted in Fig. 6!. Between them, there is
mode withA symmetry@567.0 cm21, Fig. 6~c!#, reminiscent
of the symmetric stretch mode of the isolated molecule,
with a stronger component in C~2! than in C~1!. In fact, this
mode can be seen as a vibration of C~2! against its neigh-
bors. There is a similar mode for C~1! at 502.8 cm21 @Fig.
6~d!#. These two modes are the ones that fit more closely
experimentally observed frequencies and isotope splitting10

The largest discrepancy between theory and experimen
around 7% on the the 502.8 cm21 mode. Discrepancies o
this order in elastic properties are not unreasonable in
type of calculation.

An intriguing picture emerges from these results: an
equivalence between the two carbon atoms. This can be
in the mode patterns, in the splitting between the experim
tally observed modes and in the isotope splittings of e
mode. This inequivalence was once seen as a puzzle,4 since
the B configuration was understood as being composed
two equivalent atoms with an interstitial Si between the
Our results show this is not so, and complete equivale
between the carbons is only recovered at higher tempera
in the motional-averaged configuration. The inequivalen
comes from the fact that Si~1! is closer to Si~2! than to Si~3!.
This makes the C~1!-Si~2! bond weaker than the C~2!-Si~3!
bond. Indeed, the bond lengths are 2.083 Å and 1.931
respectively~see Fig. 1!. Therefore, vibrations at C~1! tend
to be softer than corresponding ones at C~2!. This decoupling
of C~1! and C~2! modes was also observed by Learyet al.10

Calculated vibrational frequencies and isotope shifts
the A defect are shown in Table II. As discussed before,
structure of the carbon-carbon pair in configurationA is
similar to the isolated Ci , slightly perturbed by the presenc
of the substitutional carbon. It is therefore expected that
inequivalence between carbon atoms is even more acce
ated in this case, resulting in ‘‘Ci-like’’ and ‘‘C s-like’’ vibra-
tions. This can be deduced from the isotope shifts show
Table II: The two higher-frequency modes are strongly
calized on C~1! (Ci) and the three lower-frequency ones a
localized on C~2! (Cs).

Let us begin by analyzing the three Cs-like modes. An
isolated substitutional carbon with fullTd symmetry would
display a threefold degenerate localized vibrational mod
605 cm21.24 Symmetry lowering toC1h caused by the pai
formation splits this mode into twoA-symmetry modes@in-
plane vibrations of C~2!# at 721.8 cm21 and 567.5 cm21 and
one B-symmetry mode~out of plane! at 557.1 cm21. The

TABLE II. Vibrational frequencies~in cm21) and isotope shifts
of local modes for theA configuration.

Symm. 12C-12C 12C-13C 13C-12C 13C-13C

A 889.9 889.6 863.1 862.5
B 874.1 874.1 847.2 847.2
A 721.8 701.6 720.3 700.3
A 567.5 550.6 567.3 550.4
B 557.1 540.9 557.1 540.9
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eigenvectors corresponding to the two in-plane modes
shown in Figs. 7~b! and 7~c!.

The two higher-frequency modes at 889.9 cm21 and
874.1 cm21 correspond to in-plane and out-of-plane vibr
tions of Ci . Analysis of these modes provides insightful i
formation about the isolated Ci vibrations. The vibrational
spectrum of isolated Ci remained a puzzle for a long tim
since it consists of two nearly degenerate lines at 921.0 c21

and 930.3 cm21 with a 2:1 intensity ratio, which suggested
^111& C3v symmetry for the defect.3 Recent infrared-
absorption measurements under uniaxial stress confirm
assignment of these lines to the neutral Ci but unambigu-
ously show that the symmetry isC2v ,25 therefore suggesting
that the near degeneracy between the modes and thei
intensity ratio are accidental effects.

In Fig. 7~a! we plot the in-plane Ci vibrational eigenvec-
tor. The out-of plane mode~not plotted! consists essentially
of vibrations of the Ci against its out-of-plane neighbors. I
addition to these high-frequency localized modes, a lo
frequency Ci mode corresponding to vibrations roughly pe
pendicular to all its C-Si bonds is expected to occur.9 We
find this mode as a broad resonance around 160 cm21 and we
plot it in Fig. 7~d!.

VII. CONCLUSIONS

We have studied structural, electronic, and vibratio
properties of neutral carbon-carbon pairs in silicon byab
initio total-energy calculations. Our results confirm the ex
tence of the two experimentally observed~meta!stable con-
figurations~A andB) of the defect pair. As described abov
the A configuration is similar to the isolated Ci , but theB
configurations presents a somewhat unusual twofo
coordinated silicon in a bridge site between the two carbo
The two configurations differ by a single bond switch a
they are nearly energy degenerate due to an accidental
cellation of chemical bonding and strain energies. We cal
late the energy difference betweenA and B configurations
~0.11 eV!, the activation energy for the thermally induce
rotation of the central silicon atom in theB configuration
~0.07 eV! and the activation energy forA to B conversion
~0.13 eV!. The experimental values are 0.02 eV,;0.01 eV,
and 0.16 eV, respectively. The agreement is fair, given t
the overall uncertainty of the calculations due to the appro
mations involved ~LDA, supercell, k-space sampling! is

FIG. 7. In-plane local modes for theA configuration.
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about 0.1 eV, making it hard to describe such small ene
differences.

Nevertheless, a good understanding of many physical
pects of this system is obtained. Two gap states are found
each configuration, with wave functions localized on the u
der coordinated atoms of the defect complex in each c
The A to B conversion barrier and pathway has been
scribed. A quantitative analysis of the local vibration
modes of each configuration is presented and the obse
inequivalence of the carbon atoms in theB configuration is
explained. Finally, the local modes for theA configuration
are predicted: they consist of Ci-like and Cs-like vibrations,
in
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and the Ci-like modes present the same twofold near deg
eracy of the isolated Ci , which was interpreted as an acc
dental effect.
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