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We investigate the atomic structure and electronic properties of various defect configurations which consist
of B and C atoms in Si predoped with C impurities through first-principles density-functional calculations. In
the absence of Si self-interstitials �I’s�, substitutional B and C atoms interact repulsively with each other,
implying that B-C pairs at neighboring substitutional sites do not behave as a trap for B dopants. For I-B-C
complexes, which can be formed in the presence of self-interstitials, we find that a C-B split interstitial, where
the B and C atoms share a single lattice site along the �001� axis, is the most stable configuration. For several
diffusion pathways, along which the B dopant diffuses from the C-B split-interstitial configuration with the
�001� orientation to nearby tetrahedral and hexagonal sites, we find very high migration energies of about 3 eV.
Thus, the diffusing B atom can be easily trapped in the neighborhood of C, resulting in the reduction in the B
diffusivity. The range of the C trap potential is estimated to be about 7 Å. We also examine the diffusion of C
from the stable C-B split interstitial, leaving the B dopant at a substitutional site, and find the migration energy
to be much reduced to 2.16 eV. This result indicates that, as the C atom is dissociated, it acts as a trap for
self-interstitials, leading to the reduction in self-interstitials which are available for B diffusion. In this case, the
suppression of the B diffusivity is still expected, without degrading the electrical activity of the B dopants.
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I. INTRODUCTION

The size of metal-oxide-semiconductor devices has been
scaled down exponentially following Moore’s Law, reaching
the spatial scale of sub 0.1 �m.1 The development of Si-
based integrated circuit technology keeps demanding the re-
duction in device size and the improvement of efficiency.
One of the challenging issues in Si device technology is the
formation of ultrashallow pn junctions. To this end, thermal
annealing and dopant diffusion have attracted much atten-
tion. In case of B, which is widely used as a p-type dopant,
B diffusivity is known to be enhanced under nonequilibrium
conditions after ion implantation and subsequent thermal
annealing.2–4 This phenomenon is called boron transient-
enhanced diffusion �TED� and believed to be caused by the
supersaturation of Si self-interstitials �I’s�.5,6 In this case, Si
self-interstitials play a crucial role in the B diffusion which
can be proceeded via either the kick-out mechanism or the
interstitialcy mechanism. In the kick-out mechanism, a sub-
stitutional B is kicked out by a self-interstitial and then mi-
grates as an interstitial until it is kicked in other substitu-
tional Si.7–9 On the other hand, several theoretical
calculations have suggested that the interstitialcy mechanism
is energetically more tenable, in which a substitutional B
diffuses with keeping the formation of a pair with the
self-interstitial.10–12

During the TED of dopants, lateral broadening of source-
drain junctions occurs, which in turn causes the degradation
of device performance. Thus, it is important to control and
reduce the dopant diffusion in Si-based technology. Experi-
mentally, several approaches have been proposed to reduce B
diffusivity in which other species are incorporated into the Si
lattice along with B dopants. In Si predoped with donor dop-
ants, the reduction in B diffusivity was attributed to the for-
mation of donor-acceptor pairs which act as a trap for B.13–16

For P dopants, the migration energy for B diffusion was
shown to increase by about 0.2 eV in the presence of P.17 The
retardation of B diffusion was also observed in SiGe

alloys.18–21 Although the strain effect was considered to be
the origin of the retarded B diffusion, experimental and the-
oretical results on the strain effect on B diffusion are quite
controversial.20–22 In other first-principles calculations, the
retarded B diffusion by the presence of Ge was attributed to
two major effects, the decrease in self-interstitials available
for B diffusion and the increase in the B migration
energy.23,24 It was reported that the TED of B can be sup-
pressed by incorporation of substitutional C atoms.25,26

Theoretically, it is agreed that substitutional C acts as a trap
for self-interstitials, which are available for the B TED, re-
sulting in the undersaturation of self-interstitials.27–29 It was
further suggested that the formation of C-B split-interstitial
configurations is additionally responsible for the suppression
of B diffusivity.28 In amorphous Si, although the reduction in
B diffusivity by C codoping was not found, a concomitant
reduction in B clustering was observed, suggesting that C
acts as a trap for B dopants.30 First-principles calculations
showed that the migration energy for B diffusion is enhanced
by about 0.38 eV in the presence of C.31 However, in this
study, only the diffusion pathway of B along hexagonal and
tetrahedral sites was considered in the neighborhood of sub-
stitutional C and the effect of self-interstitial was not taken
into account. Moreover, the chemical-bonding effect of C on
B diffusion and the actual diffusion pathway of B in the
presence of self-interstitial have not been studied yet.

In this work, we study the atomic structure and energetics
of various defect configurations consisting of C, B, and Si
self-interstitial in Si through first-principles pseudopotential
calculations. We examine the diffusion pathways of B and C
from the stable defect configuration and the chemical-
bonding effect of C on B diffusion under two different con-
ditions where self-interstitials are absent and abundant.
Based on the results for the formation and migration ener-
gies, we discuss the role of C on the suppression of B diffu-
sivity in C-predoped Si.
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II. CALCULATION METHOD

The total energies and wave functions are calculated using
the pseudopotential method within the density-functional
theory,32 as implemented in the VASP code.33 We employ the
generalized gradient approximation �GGA� �Ref. 34� for the
exchange-correlation potential and ultrasoft
pseudopotentials35 for the ionic potentials. We use a plane-
wave basis to expand the wave functions, with a cutoff en-
ergy of 287 eV, which ensures the accuracy of total energies
to within a few tens of meV. We choose a cubic supercell
containing 64 host atoms to study the atomic and electronic
properties of C- and B-related defects and the diffusion of
the dopant atom. We test a larger supercell containing 216
host atoms and find that the formation and migration ener-
gies are accurate to within 0.1 eV. To calculate the potential
range of the C atom over which the B diffusion is affected,
we use a 128-atom supercell which is made by choosing two
64-atom supercells along one cubic axis. Thus, interactions
between the B and C atoms in neighboring supercells are
prohibited. The lattice constant of 5.457 Å, which is calcu-
lated by the GGA, is used for supercell calculations. The
Brillouin-zone integration of the charge densities is per-
formed using a set of uniform k points generated by the 3
�3�3 and 1�3�3 Monkhorst-Pack meshes36 for super-
cells with 64 and 128 host atoms, respectively. The ionic
positions are fully relaxed using the conjugate gradient
method until residual forces are less than 0.01 eV /Å. For
charged defects, we use a jellium background that neutralizes
the charged unit cell and thereby prevents the Coulomb in-
teraction from being divergent. Both the nudged elastic band
�NEB� and dimer methods37,38 are used to find the diffusion
pathway and migration energy for B diffusion. Although the
dimer method is more efficient in finding a saddle point, it
often gives other saddle point which does not lie along the
pathway because it uses information on two adjacent images.
On the other hand, the NEB method gives a more accurate
pathway but it is time consuming because more images are
needed. In our calculations, we first use the NEB method to
extract a diffusion pathway with initial images generated by
linear interpolation between initial and final configurations,
and then employ the dimer method to find a well-converged
transition state.

The formation energy �Ef� of a defect D in neutral charge
state is defined as12,39

Ef�D� = Etot�D� − Ebulk�Si� − �
i

�i�ni�D� − ni
�0�� , �1�

where Etot�D� is the total energy of a supercell containing the
defect D whereas Ebulk�Si� is the total energy of the perfect
supercell without any defects and impurities. Here ni�D� and
�i are the number of species i �i=Si, C, and B� in the super-
cell containing the defect D and the corresponding reservoir
chemical potential, respectively. On the other hand, ni

�0� de-
notes the number of species i in the perfect supercell. The
chemical potentials, �C ��B� and �Si, are calculated from the
energy of a substitutional C �B� atom in Si and the total
energy per atom of perfect Si, respectively. Then, for a defect
complex which consists of the B and C atoms, Ef�D� repre-

sents the energy required to form the defect from isolated
substitutional C and B atoms.

III. RESULTS AND DISCUSSION

A. Atomic and electronic structure of B-related defects

We first examine the stability of a B-C complex in the
absence of Si self-interstitials. As the C atom is isoelectronic
to the Si lattice, it is likely to be positioned at a substitutional
site without altering the charge state of B. For a substitu-
tional C �Cs�, the Si atoms at the first-neighbor distance un-
dergo large inward relaxations of 0.33 Å toward the C atom
due to the smaller atomic radius than that of the Si atom.
Similarly, we find inward relaxations of 0.27 Å for the Si
atoms surrounding a substitutional B �Bs�. When the B and C
atoms form a Bs-Cs pair, inward relaxations of the neighbor-
ing Si atoms are enhanced, increasing strains around the pair.
The energies of the Bs-Cs pair in neutral �1−� charge state
with respect to two isolated C and B atoms are calculated to
be 0.72 �0.66�, 0.19 �0.13�, and 0.17 �0.10� eV at the first-,
second-, and third-neighbor distances, respectively, indicat-
ing that the B and C atoms repel to each other. As the for-
mation of Bs-Cs pairs is energetically unfavorable, the C at-
oms do not behave as a trap for B dopants.

Under nonequilibrium conditions after ion implantation
and rapid thermal annealing, it is known that the diffusivity
of B dopants is greatly enhanced with the aid of self-
interstitials. It is understood that a substitutional B forms an
I-Bs pair with a nearby self-interstitial, which is positioned at
a tetrahedral site, and diffuses without pair dissociation, es-
pecially in the interstitialcy diffusion.10–12 If the C atoms are
introduced into the Si lattice, a diffusing B dopant can be
trapped by forming an I-B-C complex with the C atom. To
find the stable I-B-C complex, we consider various configu-
rations �Fig. 1� and compare their formation energies in
Table I. In I-Bs-Cs configurations, where the substitutional C
and B atoms are positioned at the first-neighbor distance,
four tetrahedral sites �labeled 1, 2, 3, and 4 in Fig. 1�a�� are
available for the position of the self-interstitial. As the neigh-
boring Si atoms undergo large inward relaxations of about
0.078 Å even in the presence of the self-interstitial, the for-
mation energies are relatively high, being 3.60, 3.34, 3.60,
and 3.75 eV at sites 1, 2, 3, and 4, respectively. During the
interstitialcy diffusion, it is likely for the B dopant to diffuse
from its substitutional site to a nearby interstitial site �labeled
1, 2, and 3 in Fig. 1�b��, resulting in a Bi-Cs configuration, in
which the self-interstitial substitutes for the substitutional B.
As the relaxations of the neighboring Si atoms are reduced to
0.067 Å, the formation energies of the Bi-Cs configurations
are lowered to 3.02, 2.61, and 2.88 eV, respectively, for the
tetrahedral and hexagonal B atoms, which are positioned at
sites labeled 1, 2, and 3 in Fig. 1�b�. For B in SiC, previous
calculations showed that a hexagonal position is the most
stable configuration for B,40,41 while the formation energy of
the hexagonal B is very high in C-predoped Si.

We examine split-interstitial configurations in which ei-
ther the B or C atom forms a dumbbell-like structure sharing
a single lattice site with the host Si atom. Figures 1�c� and
1�d� show the atomic structures of Cs-�B-I�split

�110� and
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Cs-�B-I�split
�001�, in which the B and self-interstitial atoms shar-

ing a lattice site are directed along the �110� and �001� axes,
respectively, and the C atom is positioned at a nearby substi-
tutional site. Although these configurations induce large re-
laxations of about 0.075 Å for the neighboring Si atoms,
their formation energies of 1.46 and 1.87 eV are found to be
much lower than those for I-Bs-Cs and Bi-Cs. For other con-
figurations, in which the C and self-interstitial atoms share a
single lattice site, with the B atom positioned at a nearby
substitutional site, we find similar formation energies of 1.06
and 1.51 eV for the �001� and �110� orientations, respectively
�Table I�.

When the C and B atoms form split-interstitial configura-
tions, the formation energies are significantly reduced due to
small relaxations of about 0.056 Å induced for the neighbor-
ing Si atoms. Among the split-interstitial configurations con-
sidered here, the lowest-energy state is found to be the
�C-B�split

�001� configuration with the formation energy of 0.29
eV, in good agreement with previous calculations.28 In this
configuration, the C and B atoms in the sp2-type bonding
state are directed along the �001� axis �Fig. 1�f��. For the
�C-B�split

�111� configuration, the formation energy is calculated
to be 0.83 eV when the B atom is positioned at a bond-
centered site along the �111� axis �Fig. 1�e��, while it in-
creases to 1.11 eV for the case of the C atom at a bond-
centered site. On the other hand, the split-interstitial
configuration with the �110� orientation is found to be un-
stable. We test the accuracy of our calculations by using a
lager supercell containing 216 host atoms, and find that the
formation energy of �C-B�split

�001� increases only by 0.07 eV,

whereas those for the �C-B�split
�111� configurations increase by

0.08–0.09 eV. Thus, the energy differences between different
configurations are accurate to within 0.1 eV.

In the diffusion process of an I-Bs pair via the intersti-
tialcy mechanism, the B dopant can be trapped by a substi-
tutional C via the formation of �C-B�split

�001� which is energeti-
cally the most stable configuration. Before �C-B�split

�001� is
formed, one may expect that either I-Bs-Cs, Bi-Cs, or
Cs-�B-I�split can be an intermediate configuration. However,
Cs-�B-I�split is more likely to be formed than I-Bs-Cs and
Bi-Cs because it has the lower formation energies �Table I�. It
is noted that Cs-�B-I�split can be transformed into �C-B�split

�001�

by rotating either the I-B or I-C bond �Figs. 1�c� and 1�d��.
We find the reaction, Cs+ �I-Bs�→ �C-B�split

�001�, to be exother-
mic with the energy lowered by 2.32 eV. In the absence of
the B dopant, a self-interstitial is also trapped by the C atom,
following the reaction, Cs+I→ �C-I�split

�001�. In this case, the
exothermic energy is found to be 1.80 eV, in good agreement
with previous calculations.28 When �C-I�split

�001� diffuses and
forms the �C-B�split

�001� configuration with a substitutional B, the
energy decreases by 1.69 eV. Thus, our calculations indicate
that incorporated C atoms trap not only self-interstitials but
also the B dopants which diffuse in the form of I-Bs pairs.

The atomic structure of �C-B�split
�001� is very similar to that of

the �C-I�split
�001� defect, which was shown to be the most stable

form of an interstitial C sharing a single lattice site with the
host atom in the absence of B.42 The defect-related energy

TABLE I. Comparison of the formation energies �in units of eV� of various defect configurations which
consist of the self-interstitial �I�, C, and B atoms. Numbers in the I-Bs-Cs and Bi-Cs configurations denote the
positions of I and Bi in Figs. 1�a� and 1�b�, respectively, and three orientations along the �001�, �110�, and
�111� directions are considered for split-interstitial configurations.

Configuration 1 2 3 4 �001� �110� �111�

I-Bs-Cs 3.60 3.34 3.60 3.75

Bi-Cs 3.02 2.61 2.88

Cs-�B-I�split 1.87 1.46

Bs-�C-I�split 1.06 1.51

�C-B�split 0.29 0.83

FIG. 1. �Color online� The atomic structures of the �a� I-Bs-Cs,
�b� Bi-Cs, �c� Cs-�B-I�split

�110�, �d� Cs-�B-I�split
�001�, �e� �C-B�split

�111�, and �f�
�C-B�split

�001� configurations. Numbers in �a� and �b� denote possible
positions of I and Bi, respectively. The Si, C, and B atoms are
represented by yellow �unlabeled white balls in print�, red, and
green balls, respectively.
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levels of �C-B�split
�001� and �C-I�split

�001� are identified by examining
the charge densities of all the energy states. Due to the struc-
tural similarity, we find that the defect levels of �C-B�split

�001� are
similar to those for �C-I�split

�001�, as shown in Fig. 2�a�. The
defect levels with b1 and b2 symmetries correspond to non-
bonding p orbitals on the C and B atoms, respectively �Fig.
2�b��. The highest-occupied b1 level is located in the band
gap while the unoccupied b2 level lies in the conduction
band. The b1 and b2 levels of �C-B�split

�001� are higher by 0.08
and 0.29 eV, respectively, as compared to the �C-I�split

�001� con-
figuration. The doubly occupied a1 level is positioned at
about −1.2 eV below the valence-band maximum, and the
energy level derived from the C s orbital is much lower,
lying around −13.0 eV. The charge densities of the a1 level
are mainly localized in the bonding region between the C
and B atoms while they are distributed over the Si atoms
neighboring the C atom in the �C-I�split

�001� configuration.42 As
the size of the B atom is smaller than that of the Si atom,
outward relaxations of the neighboring Si atoms are smaller
in the �C-B�split

�001� configuration. Due to the reduced strain, the
a1 and C s-derived levels of �C-B�split

�001� are lower by 0.13 and
0.33 eV, respectively, resulting in the lowest-energy configu-
ration. In addition, the localized defect levels of �C-B�split

�001�

cause degradation in B activation, as observed in
C-implanted Si.43

B. B and C diffusions from the (C-B)split
[001] configuration

To see how strongly the B dopant is trapped by the C
atom, we examine various diffusion processes. In Si, previ-
ous studies have suggested that the B diffusion is proceeded
via the interstitialcy mechanism which is primarily mediated
by self-interstitials.10–12 In SiC, the main diffusion process of
B is very different from that found in Si, following a kick-out
mechanism, where the B dopant is first kicked out by a
nearby self-interstitial and then diffuses as an
interstitial.40,41,44,45 In C-predoped Si, we consider a diffu-
sion process in which a �C-B�split

�001� configuration transforms
into an I-Bs-Cs configuration via the kick-out mechanism and
then the B atom diffuses with the aid of a self-interstitial,
following the interstitialcy mechanism. However, this diffu-
sion process is likely to be suppressed because the formation
energies of I-Bs-Cs are very high, as shown in Table I. In
other diffusion process �Fig. 3�a��, the B atom initially forms
the stable �C-B�split

�001� configuration and then migrates into a
nearby interstitial site, maintaining a C-B pair with the C
atom which eventually occupies a substitutional site. For
three diffusion pathways labeled 1, 2, and 3, the calculated
formation energies are compared in Fig. 3�b�. The migration
energy, which is given by the energy difference between the

FIG. 2. �Color online� �a� Four defect levels of �C-B�split
�001� are

compared with those for �C-I�split
�001� in pure Si. �b� The isosurfaces of

electronic charge densities are plotted for the C s-derived level and
the a1, b1, and b2 defect levels of �C-B�split

�001�.

FIG. 3. �Color online� �a� Three possible diffusion pathways for
the B dopant from �C-B�split

�001� are labeled 1, 2, and 3, which corre-
spond to the final configurations in which the B atom is positioned
at the first-nearest tetrahedral, first- and second-nearest hexagonal
sites, respectively. �b� The variations in the energies are plotted for
B diffusion along the three diffusion pathways.
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�C-B�split
�001� and saddle-point configurations, is found to be

3.38 eV for the diffusion pathway 1 into a nearest tetrahedral
site. For the pathways 2 and 3, along which the B atom
migrates into the first- and second-neighboring hexagonal
sites, the migration energies are calculated to be 3.07 and
3.26 eV, respectively. Using the 216-atom supercell, we ob-
tain the migration energy of 3.02 eV for the pathway 2,
which ensures the accuracy of calculations to within 0.1 eV.

When the B dopant in the final configuration �Fig. 3�b��
further moves away from the substitutional C, the B diffu-
sion will be proceeded in the form of the I-Bs pair. In this
case, as the energy of isolated Cs and I-Bs is higher by 2.32
eV than that of �C-B�split

�001�, this energy difference can be con-
sidered as the lower bound for the migration energy. Thus,
for the B diffusion from the �C-B�split

�001� configuration, the
overall migration energy is considerably higher than the
value of about 0.4 eV for B diffusion in pure Si.10–12 Even in
the presence of P or Ge impurities, which result in the reduc-
tion in B diffusivity in P-predoped Si and SiGe alloys, the
migration energies were shown to increase only by about 0.2
eV.17,23 Due to the high migration energy for B diffusion, the
C atom behaves as a trap for the B dopant, indicating that the
�C-B�split

�001� configuration plays a role in the suppression of B
diffusivity.

The effect of the C atom on the migration energy is ex-
amined by analyzing the defect levels during the B diffusion
process. The variations in the a1, b1, and b2 levels are drawn
along the diffusion pathway 1 in Fig. 4. As the B atom dif-
fuses from the �C-B�split

�001� configuration, the singly occupied
b1 level moves to higher energies above the conduction-band
minimum. The unoccupied b2 level gradually decreases to
the top of the valence band and eventually lies in the band
gap. Thus, the occupied defect level changes from b1 to b2
before the B dopant reaches the saddle point. In the mean-
time, as the C-B bond is weakened, the a1 level rapidly in-
creases, with a highest value in the band gap at the saddle
point. The variation in the formation energy in Fig. 3�b� is
very similar to that of the a1 level. As the population of the
a1 level is twice that of the b1 or b2 level, the variation in the
a1 level, which corresponds to the bonding between the C

and B atoms, plays an important role in determining the mi-
gration barrier on the diffusion pathway.

Finally we consider a diffusion process, in which the C
atom diffuses from the stable �C-B�split

�001� configuration to a
neighboring site, while the B dopant keeps a substitutional
configuration. For the �C-I�split

�001� configuration, previous cal-
culations showed that the C atom easily diffuses to a nearby
substitutional site with the energy barrier of about 0.51 eV,
changing its orientation from �001� to �010� or �100�.46 In the
case of �C-B�split

�001�, the diffusion pathway of C is strongly
affected by the presence of the B dopant. When the C atom
first diffuses to one of the neighboring Si atoms, the final
state is a �C-I�split configuration with the �010� orientation
�Fig. 5�b��, and the reaction barrier is calculated to be about
1.64 eV �Fig. 5�e��. If �C-I�split

�010� further diffuses along the
�110� pathway, it changes the orientation from �010� to �100�
at the same lattice site �Fig. 5�c�� and then turns into a
�C-I�split configuration with the �001� orientation at a nearby
site �Fig. 5�d��. In these reorientation and diffusion pro-
cesses, the reaction barriers are found to be 0.97 and 1.39 eV,
respectively. The overall reaction barrier for the C diffusion
is 2.16 eV, which is lower by about 0.90 eV than that for the
B diffusion, indicating that the C atom is more likely to be
dissociated from the �C-B�split

�001� configuration than the B dop-
ant does. The dissociation process of C does not degrade the

VBM

CBM

a1

b1

b2E
ne

rg
y

(e
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)

1.5

1.0
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-1.0

-1.5
(C-B)[001]

split
saddle
point BH-Ci s

FIG. 4. The variations in the a1, b1, and b2 defect levels are

drawn when B diffuses from the �C-B�split
�001� configuration into the

interstitial B positioned at the first-nearest hexagonal site along the
diffusion pathway 1 in Fig. 3�a�.

FIG. 5. �Color online� The C atom, which initially forms the �a�
�C-B�split

�001� configuration, diffuses into the �d� Bs-�C-I�split
�001� configu-

ration via the intermediate configurations of �b� Bs-�C-I�split
�010� and �c�

Bs-�C-I�split
�100�. �e� The variation in the energy is plotted along the

diffusion pathway of the C atom.
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electrical activity of the B dopant because the B atom re-
mains at a substitutional site while �C-B�split

�001� is electrically
inactive. In addition, as the self-interstitial is trapped by the
dissociated C atom, the presence of C eventually leads to the
reduction in self-interstitials, which are available for the B
diffusion. Thus, even if the C atom is dissociated from the
�C-B�split

�001� configuration, the B diffusivity is still expected to
be suppressed, as previously suggested.27–29

C. Effective range of the C atom on B diffusion

Due to the small atomic radius, the C atom induces large
inward relaxations for the neighboring Si atoms, as discussed
earlier. The inward relaxations of the Si atoms surrounding a
single substitutional C are plotted as a function of the dis-
tance between the C and Si atoms in Fig. 6�a�. The Si atoms
within the distance of about 4 Å undergo large relaxations
while the Si displacements are less than 0.025 Å for dis-
tances above 4 Å. Thus, the distortion range of the Si lattice
by a substitutional C is roughly estimated to be about 4 Å.
To see whether the C atom indeed acts as a trap for the
diffusing B atom, we examine the range of the C trap poten-
tial. We assume that the B dopant, which is positioned at a

substitutional site far from the substitutional C, initially
forms an I-Bs pair with the self-interstitial at a nearby tetra-
hedral site. The B atom of the I-Bs pair can diffuse either
toward or away from the C atom with the help of the self-
interstitial via the kick-out or interstitialcy mechanism. For
each B substitutional �labeled 1–5 in Fig. 6�b��, we compare
the formation energies of two final configurations �Table II�,
in which the B atom is positioned at a hexagonal site after
traveling an average distance of about 2.25 Å along the to-
ward or outward diffusion pathway. Although we did not
calculate the migration barriers for all the diffusion path-
ways, we are able to find a tendency that the B atom is likely
to diffuse toward the C atom for distances smaller than 7 Å
between the B and C atoms. However, for distances larger
than 7 Å, we find very small energy differences less than
0.02 eV between the two final configurations, indicating that
there is no preferential direction for the B diffusion. Thus,
the C trap potential is effective to the B dopant within the
distance of about 7 Å.

IV. CONCLUSIONS

In conclusion, we have investigated the effect of the C
atom on the chemical bonding and diffusion of the B dopant
in Si through the first-principles pseudopotential calcula-
tions. The C atoms incorporated into the Si lattice interact
repulsively with the B dopants in the absence of Si self-
interstitials. Among various defect configurations which con-
sist of the self-interstitial, B and C atoms, the �C-B�split

�001� con-
figuration, where the B and C atoms form a dumbbell-like
structure at a single lattice site, is found to be energetically
most stable, in good agreement with previous calculations.28

For several diffusion pathways of the B dopant from the
�C-B�split

�001� configuration, we find that the presence of C in-

TABLE II. Comparison of the energies of two final configura-
tions, in which the B atom is located at different hexagonal sites
after diffusing from the I-Bs pair, for various initial positions of the
substitutional B in Fig. 6�b�. Here dinitial and dfinal denote the dis-
tances between the B and C atoms before and after the B diffusion,
respectively, and �E represents the increase in the energy in the
final configuration of the B dopant with respect to the initial
configuration.

Initial B position
dinitial

�Å�
dfinal

�Å�
�E

�eV�

1 4.48 2.80 0.18

6.59 0.37

2 5.41 5.21 0.41

6.50 0.46

3 7.02 5.21 0.40

7.85 0.44

4 8.57 6.50 0.43

9.32 0.45

5 9.77 8.93 0.45

10.50 0.46

FIG. 6. �Color online� �a� Inward relaxations of the Si atoms
around a substitutional C are drawn as a function of the distance
between the C and Si atoms. �b� Numbers denote five different
positions of the B dopant, which initially forms an I-Bs pair with the
self-interstitial, in the vicinity of the substitutional C. Arrows in
different colors denote inward and outward directions of the B dif-
fusion relative to the C atom. Small and large dashed circles repre-
sent distances of 4 and 7 Å, respectively, from the C atom.
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creases significantly the migration energy to about 3 eV,
compared with the value of about 0.4 eV for B diffusion in
pure Si and even the migration barriers of about 0.6–0.8 eV
in P- and Ge-predoped Si. Thus, the C atom can act as a trap
for the B dopants, which diffuse with the aid of self-
interstitials, via the formation of the �C-B�split

�001� configuration.

When the C atom is dissociated from the �C-B�split
�001� configu-

ration, the migration energy is reduced to 2.16 eV, indicating
that the C atom is more easily dissociated. In this case, the
self-interstitial, which initially forms a complex with the B

dopant, is eventually trapped by the dissociated C atom. Our
calculations indicate that, in C-predoped Si, the suppression
of the B diffusivity is due to the formation of the �C-B�split

�001�

configuration and the reduction in self-interstitials available
for the B diffusion.
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