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The interstitial and vacancy mediated boron diffusion in silicon carbide is investigated with anab initio
method. The boron interstitials inp-type andn-type materials are found to be far more mobile than the
boron-vacancy complexes. A kick-out mechanism and an interstitialcy mechanism govern the diffusion in
p-type/intrinsic andn-type material, respectively. A comparison of activation energies demonstrates that the
equilibrium diffusion is dominated by the positive hexagonal interstitial for typical experimental conditions.
The activation energy and the charge state is in agreement with experimental findings. The analysis of the
kick-out reaction demonstrates that silicon and carbon interstitials have different effects on boron acceptors on
the silicon and carbon sublattice(BSi and BC). While silicon interstitials mediate the diffusion of both accep-
tors, carbon interstitials are only relevant for BC. A larger kick-in barrier into silicon sites is found than into
carbon sites. This implies a dominant formation of BC in the extended diffusion tails of boron profiles. The
stable boron complexes with carbon or boron interstitials are found that potentially reduce the boron diffusion.
This and the characteristics of the kick-out mechanism facilitate an explanation of recent co-implantation
experiments.
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I. INTRODUCTION

The dopant diffusion in semiconductors is a fundamental
physical phenomenon. Substitutional dopants areper seim-
mobile and need vacancies or interstitials as diffusion
vehicles.1 Uncovering of the dominant diffusion channels
also has technological relevance. For example, implanted im-
purity profiles can be seriously affected by the transient en-
hanced impurity diffusion during the annealing. The means
to control this effect is tightly related to the diffusion mecha-
nism.

The boron diffusion in the wide band gap semiconductor
silicon carbide is a rather complicated case. In the compound
material, vacancies and interstitials of both chemical species
can contribute to the diffusion. Boron is known to substitute
for the silicon-sitesBSid,2,3 where it acts as a shallow accep-
tor. But it may also substitute for carbonsBCd, as indicated
by experiments4,5 and predicted by theory,6,7 and form a deep
acceptor.

Early experiments8,9 on the boron diffusion in SiC have
been interpreted in terms of a vacancy-mediated diffusion.
From the characteristic dependence of the boron diffusion on
aluminum doping, Mokhovet al.9 concluded that a positive
boron-related defect mediates the diffusion. Yet, their model
was challenged by recent coimplantation experiments10 and
by the detailed analysis of boron diffusion-profiles.11,12 All
these works favor a kick-out mechanism. In implantation
experiments a transient enhanced boron diffusion was
observed.10,13 Laubeet al.10 were able to suppress the effect
by a coimplantation of carbon, while a silicon coimplantation
enhanced the diffusion. Their interpretation suggests a kick-
out mechanism based on silicon interstitials, which is plau-
sible if BSi is the dominant boron defect. Also a retardation
of the diffusion by carbon-related defects was postulated, in
analogy with the case in silicon.

However, the boron diffusion may be even more complex.
This is indicated by the observation of the boron-related
D-center in annealed boron-implanted samples14,15and of the
deep acceptor in samples doped by in-diffusing boron.9,16

Gong et al.15 and Gaoet al.16 suggested that these boron
defects were located in the extended diffusion tails.

Theoretical investigations on the boron diffusion in SiC
are sparse.Ab initio investigations7,17 identified the dominant
boron interstitial sites and boron-vacancy complexes for dif-
ferent doping conditions in3C-SiC. Also the migration was
investigated including the kick-out reaction of BSi by a sili-
con interstitial.7 The boron-interstitials inp-type material,
i.e., a carbon-coordinated tetrahedral interstitial and a hex-
agonal interstitial, were found to migrate much faster than
the boron-vacancy complexes. Later,ab initio molecular dy-
namics simulations18 were conducted for the neutral hexago-
nal interstitial in3C-SiC. In the simulation, a kick-out by a
silicon interstitial initiated the boron migration. Ruraliet
al.18,19 further analyzed a migration path of neutral hexago-
nal interstitial and also included charge state effects. Their
simulation corroborates the relevance of the kick-out mecha-
nism. This is an important point. For example, in silicon the
boron diffusion was found to be dominated by an intersti-
tialcy mechanism instead of the originally proposed kick-out
mechanism.20–22

However, the present-day understanding of the boron dif-
fusion is limited. In particular, the role of carbon and silicon
interstitials in the kick-out mechanism and the effect of
stable complexes of boron with interstitials have not been
addressed to date. Also the boron migration inn-type mate-
rial and the relevance of a vacancy-assisted mechanism de-
mand further investigations.

In this paper we present an investigation of the boron
diffusion by anab initio method based on density functional
theory. We investigate the kick-out reactions and small
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boron-related interstitial clusters to understand their rel-
evance for the boron-diffusion. Our analysis of the boron
interstitial sites in 4H-SiC shows that the results for the cu-
bic polytype are transferable to the hexagonal polytype.
Therefore we conduct the computationally demanding inves-
tigation of migration or reaction paths in cubic SiC. We find
that three distinct boron interstitials are relevant for the mi-
gration, namely, the tetrahedrally carbon-coordinated site
(p+-type), the hexagonal site(p-type and intrinsic), and the
boron split interstitial at the silicon site(n-type). The domi-
nant boron-vacancy complexes are the nearest-neighbor
complex BSi-VC and the second-neighbor complex BC-VC.
The activation energies of the corresponding diffusion chan-
nels determine their contribution to the equilibrium boron
diffusion. A comparison of the calculated values demon-
strates the dominance of the interstitial-mediated diffusion.
The analysis of Fermi-level effects shows that the positive
hexagonal boron interstitial explains the findings of Mokhov
et al.9 The calculated activation energy is in good agreement
with the experimental value for the equilibrium diffusion.23

Our investigation of the kick-out reactions shows that carbon
and silicon interstitials have a different effect on the boron
diffusion. While the silicon interstitials drive the kick-out of
substitutional boron on both sublattices, the carbon intersti-
tials only affect the migration of BC. The kick-out barriers
are typically low. We find substantially larger kick-in barri-
ers, in particular for a kick-in to the silicon site. This means
that predominantly BC will form in the extended diffusion
tails. Furthermore, stable boron-interstitial complexes are
found. Such boron traps can result in a retardation of the
diffusion. Traps formed by a carbon interstitial and BSi and a
boron-carbon pair residing at a hexagonal interstitial site
may explain the slowing down of the boron diffusion upon
carbon co-implantation. On the contrary, the only stable bo-
ron complex with a silicon interstitial that we found rather
contributes to the diffusion. We also report a formation of a
stable boron pair at a silicon site that may effect the diffusion
at high boron concentrations.

The paper is organized as follows. In Sec. II we briefly
outline the method. Our findings for the ground state con-
figuration of boron interstitials in 3C- and 4H-SiC are dis-
cussed in Sec. III together with the corresponding migration
mechanisms in3C-SiC. An analysis of the reactions of BSi
and BC with silicon and carbon interstitials is given in Sec.
IV. We then turn to small stable boron complexes with inter-
stitials, which may contribute to a retardation of the boron
diffusion. The vacancy-mediated diffusion is analyzed in
Sec. VI. In Sec. VII we apply the outlined mechanisms to the
case of equilibrium diffusion and discuss the different effect
of carbon and silicon interstitials on the annealing of im-
planted boron-profiles and on the situation in the extended
diffusion tails. A summary concludes the paper.

II. METHOD

The analysis of the boron diffusion was carried out by
means of total energy calculations within the framework of
density functional theory. We employed the plane-wave
pseudopotential codeFHI96SPIN24 together with the local den-

sity approximation for the exchange-correlation energy func-
tional. Optimized norm-conserving pseudopotentials of the
Troullier-Martins type were generated with the help of the
FHIPP package25 that enable well converged calculations in a
plane wave basis set with a cut-off energy of 30 Ry. Super-
cells with 64 lattice sites and a specialk point set26 with
eight k points in the Brillouin zone(23232-mesh) were
used. The results for the boron interstitials and vacancy com-
plexes were checked using a supercell with 216 lattice sites.
Consistency checks for these defects in 4H-SiC were carried
out in cells with 128 lattice sites.

We analyzed the electronic and structural properties of the
defects. The concept of formation energy, as outlined, e.g., in
Refs. 6 and 27, was employed to assess the energetics of
charged defects and to determine the most relevant defect
configurations for a given Fermi levelmF. The formation
energy also contributes to the activation energy of the diffu-
sion (cf. Sec. VII). For the sake of clarity we briefly outline
the basic formulas. The formation energy of boron-related
defects in a charge stateq is given by

Ef = Ef,0 − snSi − nCdDmSi − nBDmB + qmF, s1d

wherenB, nSi, andnC denote the number of boron, silicon,
and carbon atoms that comprise the defect in the supercell.
The chemical potentialsDmB andDmSi are defined relative to
icosahedral boron28 and crystalline silicon.Ef,0 is obtained
from the total energies of the defect cell and the reference
crystals asEf,0=ED,cell−nCESiC−snSi−nCdESi−nBEB12

+qEV,
whereEV is the position of the valence band edge. The phase
stability of SiC allows DmSi to vary within the bounds
−Hf,SiC,DmSi,0, whereHf,SiC is the heat of formation of
SiC (cf. Ref. 27 for details). The upper(lower) bound corre-
sponds to an excess of silicon(carbon), i.e., Si-rich(C-rich)
conditions, and reflects the stoichiometry of the crystal. The
Fermi levelmF is determined by the neutrality condition

o
i

qici + NC e−sEgap−mFd / kBT − NV e−mF/ kBT = 0, s2d

where the sum includes the concentrationci of all defects
and their charge statesqi. Egap is the experimental band
gap and NC and NV are the statistical weights of free
electrons and holes.29 The concentrationci is given by
ci =csexps−Ef / kBTd, cs is the concentration of lattice sites.
The total boron concentrationcB is thus a function ofDmB,
DmSi, and the temperatureT. This relation is used to deter-
mineDmB for the comparison of calculated and experimental
activation energies.

In the calculation of charged defects we apply the Makov
and Payne correction30 to remove the artificial Coulomb in-
teractions. Calculated ionization levels indicate the range of
mF were a particular charge state of a defect is stable(or
metastable). The analysis of the interstitial migration, the
kick-out/kick-in reactions and the vacancy migration was
conducted exclusively in 3C-SiC to keep the calculation
tractable. We employ the ridge method of Ionova and
Carter31 to search for the saddle point on the potential energy
surface between the initial and final site of a migration or
kick-out/kick-in event. This search is conducted for all rel-
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evant charge states in which both the initial and final con-
figurations are local minima of the potential energy surface.
The charge state is kept fixed during the search. However,
the thermodynamically preferred charge state at the final site
may differ from that at the initial site for a given value ofmF.
In this situation we assume that the migration takes place in
the initial charge state and the defect charge state adjusts
only at the final site to the more favorable value. Regarding
the migration of boron-vacancy complexes BC-VC we
adopted the drag-method outlined in Ref. 27.

III. MIGRATION OF THE INTERSTITIAL

A. Interstitial configurations in 3C-SiC

Before turning to the details of the interstitial-mediated
boron migration it is important to identify the stable and
metastable interstitial sites. The nature of the stable sites de-
termines whether the migration takes place via a kick-out/
kick-in mechanism or via an interstitialcy mechanism. The
fact that boron interstitials are typically charged gives rise to
a multitude of such sites with strong Fermi-level dependent
energetics. The Fermi-level effect is hence an important fac-
tor in the boron migration. In Fig. 1 we have plotted the
formation energy of the most important interstitial configu-
rations in3C-SiC. Table I lists the corresponding ionization
levels. Three distinct ground state configurations are identi-
fied: the carbon-coordinated tetrahedral site BTC (p-type), the
hexagonal site BHex, and a split-interstitialBspSik110l at the
silicon site (n-type) which consists of an essentially
k110l-oriented boron-silicon dumbbell[cf. Fig. 2(a)].

Note that in Fig. 1 BTC only appears in the charge state 3+.
It possesses an unoccupied localized state slightly above the
artificially low Kohn-Sham conduction band edge. Due to
the similarity of BTC with the corresponding silicon intersti-
tial SiTC we adopted the approach of Ref. 27 and plotted the

formation energy of BTC
3+ up to the value ofmF where this

level would get occupied. BHex is unstable in the charge state
3+ and relaxes into the BTC-site. The formation energy of
BHex

2+ is plotted in Fig. 1 to the value ofmF where the charge
state 3+ becomes relevant.

In addition to these sites, there are other metastable sites,
that serve as intermediate sites for the interstitial migration.
The tetrahedrally silicon coordinated site BTSi has a much
higher formation energy than thek100l-oriented split inter-
stitials BspSik100l, BspCk100l on the silicon and carbon sublattice
[cf. Fig. 2(b)]. A split interstitial at the carbon site(BspCk110l)
and the bond-centered site Bbc, which may be interpreted as
a k111l-oriented split interstitial at a carbon site(not in-
cluded in Fig. 1) are slightly less stable than the
k100l-oriented interstitials.

Our finding of a higher stability of the hexagonal intersti-
tial in comparison with the split interstitial sites for
mF,1.9 eV is in good agreement with the recent analysis of
Rurali et al.19 for the neutral interstitials.

B. Interstitial configurations in 4H-SiC

In 4H-SiC additional sites are available for the interstitial
atoms. These sites originate from the alternating cubic and
hexagonal stacking sequence of this polytype(cf. Fig. 3).
The cubic lattice planes enclose the tetrahedrally carbon or
silicon coordinated sites as described for3C-SiC above. The
hexagonal planes resemble the wurtzite structure of 2H-SiC.
The interstice of the wurtzite lattice is characterized by a
tetrahedral site surrounded by four carbon and four silicon

TABLE I. Ionization levels of interstitial boron and boron com-
plexes with interstitials and vacancies in 3C-SiC.

s2+ u3+d s1+ u2+d s0u1+d s1− u0d

Interstitials

BTC ,1.1

BHex 0.3 0.8 1.9

BspSik110l 0.3 1.0 1.5

BspSik100l 1.5 2.0

BspCk100l 1.5 1.9

BspCk110l 1.6 2.0

Bbc 1.6 2.2

Complexes with interstitials

BSi-Sispk110l 0.7 1.4

BC-Cspk100l 1.2 1.9

BC-CspSik100l 1.3 1.8

BSi-Cspk100l

sBCdSi 1.2 1.7

sBCdHex 1.9 1.4

sB2dSi 0.5 2.1

Complexes with vacancies

BSi-VC 1.8 2.1

BC-VC 1.6 1.4

FIG. 1. Boron interstitials: formation energy for Si-rich condi-
tions in 3C-SiC. Dashed or dash-dotted lines are used to distinguish
the formation energy of BspSik110l and BspCk100l from that of
BspSik100l, respectively. Charge states are indicated. The geometry of
the most stable boron interstitials and the intermediate sites
BspSik100l and BspCk100l is displayed in Figs. 2(a) and 2(b).

DIFFERENT ROLES OF CARBON AND SILICON… PHYSICAL REVIEW B 70, 115203(2004)

115203-3



atoms and an open cage encompassed by two hexagonal
rings of the lower and upper basal plane. Thus, due to the
stacking sequence, hexagonal sites located close to the(cubic
or hexagonal) basal plane are distinct from those located in
the perpendicular lattice planes. The boron split-interstitials
are always located at the boundary between a cubic and a
hexagonal plane. Hence the orientation of the B-C or B-Si
dumbbell of thek100l and k110l split-interstitials is impor-
tant. The dopant atom either lies in a cubic or a hexagonal
plane, resulting in structural and energetic differences be-
tween these two types. Since the resulting complex picture of
the formation energies and ionization levels in 4H-SiC does
not add much essential information to Fig. 1, we only briefly
summarize the differences below.

The formation energies of the defects at cubic sites differ
only within 0.5 eV from their counterparts in3C-SiC. As in
3C-SiC the tetrahedrally carbon coordinated interstitial BTC,k
is the energetically most favorable interstitial inp+-type ma-
terial. At mF.0.6 eV the hexagonal interstitial located in the
basal plane BHex,b-h is preferred over BTC,k. The interstitial
located in the perpendicular hexagonal rings BHex,k and
BHex,h are slightly higher than BHex,b-h. As in 3C-SiC the
hexagonal interstitial is essentially threefold carbon coordi-
nated. This type of bonding is energetically more favorable
for BHex,b-h within the 2H-like hexagonal basal-plane. The
tetrahedral site with carbon and silicon neighborssBTCSid is
found to be unstable. The boron atom relaxes into the
BHex,b-h site. The ionization levels of the hexagonal intersti-
tials essentially correspond to the findings for BHex in
3C-SiC (within 0.3 eV).

As in 3C-SiC, the split interstitial configurations are pre-
ferred forn-type material. FormF above 1.9 eV BspCk100l and

BspSik110l are the most favorable boron interstitials. As men-
tioned above, the orientation of the split interstitial is impor-
tant: in both cases the location of the boron interstitial within
the cubic plane is preferred. The energetic difference be-
tween the split-interstitials with different orientations can
amount to 0.5 eV. At the hexagonal site BspSik110l is unstable
with B oriented toward the hexagonal interstice. Due to the
minor differences between the defect hierarchy in 3C and
4H-SiC we expect that our results for the boron migration in
3C are transferable to 4H-SiC, and also to 6H-SiC. In the
latter polytype the stacking sequence is two cubic planes
followed by a hexagonal plane. Hence the same defects as
discussed for 4H-SiC should also be present in 6H-SiC.

C. Migration mechanisms

The migration of the boron interstitial takes place between
the stable sites either directly or via a breakpoint at an inter-
mediate metastable site. In Table II we list the energy barri-
ers for the migration between the most relevant sites. The
tetrahedral and hexagonal interstitials may migrate through
the open interstice. The migration paths are

BTC ↔ BTC or BHex↔ BHex.

The migration may also proceed via the split-interstitial con-
figurations

BTC ↔ BspSi and BHex↔ BspC

as intermediate sites(BspSi and BspC refer to the
k100l-orientation regarding the positive and neutral intersti-
tials). The direct migration path of BTC avoids the BTSi-site.
The saddle point, however, is located near this site. In case of
the direct migration of BHex, one has to distinguish between
adjacent hexagonal sites either having one or two common
carbon neighbors. The saddle point with a large barrier sepa-
rates the former sites and is located near the BTSi-site. The
latter are connected via a smaller barrier of,0.2 eV.7 The
direct migration path of BHex inevitably includes both situa-
tions and thus the larger barrier determines the migration
barrier of BHex.

A comparison of the migration barriers shows that the
route via the split-interstitial sites is preferred. Even though
BspSik110l

2+ is more favorable than BspSik110l
3+ the charge state

may not change at the intermediate site, due to the small
barrier of 0.1 eV. The boron interstitial most likely immedi-
ately continues to an adjacent BTC-site, before such a con-
version happens.

The migration of BHex
+ and BHex

0 may proceed via the en-
ergetically more favorablek100l-oriented split-interstitials.

FIG. 2. Boron interstitials in 3C-SiC: geometry of(a) the most stable boron interstitials,(b) the intermediate sites BspSik100l and BspCk100l,
and (c) the boron complexessBCdSi, SiTC-BC, sBCdSi, andsB2dSi.

FIG. 3. Interstitials in 4H-SiC: geometry of the hexagonal and
cubic interstice. The interstitial sites BTC,k, BTSi,k and BHex,b-k in the
cubic interstice, and BHex,h-b and (unstable) BTCSi in the hexagonal
interstice are indicated.
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Also in this case, we find that the intermediate split intersti-
tial sites are not very stable. Along the path, boron shifts
essentially sideways toward its silicon or carbon neighbors in
the hexagonal ring, thus breaking a minimal number of
bonds with its carbon neighbors. Also a migration via
k110l-oriented split-interstitials and Bbc-site is possible. The
path between these sites and BHex will involve the
BspCk100l-site or its neighborhood. Since BspCk110l and Bbc are
energetically equivalent to thek100l-oriented site we expect
similar or larger barriers. Regarding BHex our analysis is in
agreement with the path investigated by Ruraliet al.19

Turning to the migration between adjacent split-interstitial
sites

BspSi ↔ BspSi, BspSi ↔ BspC and BspC ↔ BspC

by nearest or second nearest neighbor hops, we note that the
positive and neutral split-interstitials are not very stable.
With a low probability a boron split-interstitial may also mi-
grate to a neighboring silicon or carbon site. Only for a
Fermi-level above 1.9 eV the migration between adjacent
split-interstitial sites becomes a dominant process. BspSik110l

−

migrates via carbon sitessBspCk100ld and with a slightly
higher barrier also by second neighbor hops on the silicon
sublattice. BspSik110l

− may also switch its orientation. This pro-

cess, that is connected with a barrier of 0.9 eV, enables an
isotropic migration of the split-interstitial. The migration of

TABLE II. Boron migration: interstitial migration and kick-out/kick-in barriers in comparison to vacancy-mediated migration mecha-
nisms in 3C-SiC. The shorthand BspC refers to BspCk100l. BspSi implies BspSik110l, except for the charge states 1+ and 0 where we refer to
BspSik100l.

Energy barrier[eV]

3+ 2+ 1+ 0 1−

→ ← → ← → ← → ← → ←
Interstitial

BTC↔BTC 3.5

BHex↔BHex 2.2 1.6 0.7

BTC↔BspSi 3.0 0.1

BHex↔BspSi 2.0 0.1 1.2 0.2 0.6 0.1

BHex↔BspC 1.3 0.3 0.8 0.2

BspSi↔BspSi 0.4 0.5 1.1

BspSi↔BspC 0.5 0.5 0.3 0.1 0.9 0.4

Kick-out/kick-in

SiTC-BSi→BTC 1.1 4.6

Sisp-BSi↔BspSi 0.3 4.0 0.8 3.9 1.3 3.8

Csp-BC↔BspC 0.6 2.0 0.1 1.0 0.1 0.6

CspSi-BC→BHex 1.1 3.2 1.5 2.9 0.8 1.5

CspSi-BC→BspSi 2.1 2.6

BSi+Csp→ sBCdSi 0.7 3.8 0.6 3.6 0.7 3.0

sBCdSi→BHex-CSi 5.7 1.3 5.7 0.8

sBCdSi→BspSi-CSi 5.3 0.7

BC-SiTC→BTC-SiC 4.1 1.5

BC-SiTC→SiTC+BC 3.7 2.2

Vacancy

BSi-VC↔BC-VSi 4.5 0.1 3.7 0.5

BSi-VC ↔
c.e.1

BC-VSi 9.4 8.0 6.4

BSi-VC ↔
c.e.2

VC-BSi 9.5 9.2 7.2

BSi-VC↔
C

VC-BSi 4.9 4.3 3.6

BC-VC↔
B

VC-BC 3.6 3.0 2.3

BC-VC↔
C1

VC-BC 4.2 4.6 4.1

BC-VC↔
C2

VC-BC 5.7 5.3 5.3
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BspSik110l
− corresponds to the interstitialcy mechanism since

the silicon-boron pair remains coupled.
The migration is governed by a barrier of 3.0 eV(BTC)

for a Fermi level below 0.7 eV and a barrier of 0.9-1.2 eV
(BHex

+ and BspSik110l
− ) above this value. The smaller barrier of

0.6 eV(BHex
0 ) takes effect only in the small window between

1.9 eV and 2.0 eV and should be hardly relevant.

IV. KICK-OUT/KICK-IN REACTIONS

The boron diffusion by the kick-out or the interstitialcy
mechanism is initiated by an interaction with self-
interstitials. We first discuss the kick-out reactions of BSi and
BC with the corresponding silicon or carbon interstitial, fol-
lowed by the kick-out reactions with interstitials of the other
species. At the end of this section we turn to the kick-in
reactions and its preference for the carbon sublattice.

A. BSi and silicon interstitials

For the substitutional boron at the silicon site(BSi) we
consider reactions with the tetrahedral carbon-coordinated
silicon interstitial SiTC, i.e.,

SiTC − BSi → BTC,

and thek110l-oriented split-interstitial, i.e.,

Sisp− BSi ↔ BspSi,

which are the dominant silicon interstitial configurations for
mF,1.2 eV andmF.1.2 eV, respectively.27 The reaction
with SiTC

4+ occurs when the interstitial has reached an intersti-
tial site next to the ionized boron acceptor BSi

− and drives the
boron into an adjacent BTC-site. The kick-out barrier of
1.1 eV is much smaller than the migration barrier of SiTC
that amounts to 3.5 eV. The kick-out yields a considerable
energy gain of 3.5 eV. The reaction with Sispk110l starts with
the formation of the complex BSi-Sispk110l that exists in posi-
tive or negative charge states(cf. Table I for the ionization
levels). For the positive and neutral complex a boron split-
interstitial is formed as an intermediate configuration at the
silicon site before the boron-interstitial reaches an adjacent
hexagonal site. The barriers for the reaction are given in
Table II. They are smaller than or equal to the migration
barrier of Sispk110l that amounts to 1.4 eV. Again a consider-
able energy gain of 3.6–4.7 eV is associated with the com-
plete kick-out process. This implies that rather large barriers
are encountered for the kick-in reaction of BTC and BHex as
well as the dissociation of the BspSik110l

− configurations into

BSi
− and Sispk110l

0 . The values range between 4.6 eVsBTCd and

3.8 eV sBspSik110l
− d and exceed the migration barriers of the

boron and silicon interstitial.

B. BC and carbon interstitials

Regarding the substitutional boron on the carbon sublat-
tice BC, we analyzed reactions with the carbon split-
interstitials Cspk100l and CspSik100l at a neighboring carbon and
silicon site, respectively. The interaction with silicon intersti-

tials is discussed below. Cspk100l and CspSik100l are the domi-
nant carbon interstitials in SiC.27 In both cases boron-carbon
interstitial complexes form before the actual kick-out reac-
tion takes place. The complexes exist in positive and nega-
tive charge states(cf. Table I). We consider the reaction

Cspk100l−BC → BspCk100l.

Since BspCk100l is not very stable, the boron interstitial will
proceed with a high probability to a more favorable intersti-
tial site. An inspection of Table II shows that the barriers for
this whole kick-out reaction are fairly small, in particular for
the neutral and negative boron carbon-interstitial complex. In
fact, they are even smaller than the migration barrier of
Cspk100l. At typical diffusion temperatures the arrival of
Cspk100l at a carbon site neighboring BC should suffice to
trigger the kick-out reaction.

For CspSik100l we consider a kick-out directly to the next
BHex or Bspk110l site for the positive/neutral and negative
charge state, respectively, i.e.,

CspSi − BC → BHex and CspSi − BC → BspSi.

The barriers for this reaction are larger than those for the
BC-Cspk100l complex which is formed before the carbon in-
terstitial reaches the silicon site next to BC. Therefore this
reaction may not be important for the kick-out process, but it
still facilitates a pathway for the kick-in reaction. In both
cases an energy gain is associated with the kick-out reaction
that varies between 1.4 eV for the negative charge state and
2.4 eV for the positive charge state. The barriers for the
kick-in reactions of BHex and the dissociation of Bspk110l are
consequently high. The effective barrier for a kick-in of BHex
via BC-Cspk100l amounts to 3.0 eV for BHex

+ and 1.8 eV for
BHex

0 , whereas 1.5 eV are obtained for the dissociation of
BspSik110l

− . These effective barriers are slightly higher than the

barriers for a kick-in via BC-CspSik100l which thus has a
higher probability. As before, these barriers exceed the mi-
gration barriers of the boron interstitial.

C. BSi and carbon interstitials

The kick-out reaction of BSi with carbon interstitials even-
tually results in the formation of carbon antisites CSi. Vice
versa, the interaction of boron interstitials with anitisites may
annihilate SiC or CSi. The central point of our analysis is that
stable boron-antisite complexes are formed in this process.

In the case of BSi and Cspk100l the most stable complex
results when the boron atom shares its site with the carbon
atom forming ak100l-oriented dumbbell at the silicon site
sBCdSi as shown in Fig. 1(c). The electronic structure of
sBCdSi was already described by Aradiet al.32 in their analy-
sis of possible candidates for the deep boron acceptor. Our
results for the ionization levels are given in Table I. The
interaction of a carbon split interstitial and BSi via the reac-
tion
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BSi + Cspk100l → sBCdSi

yields an energy gain between 3.3 and 3.7 eV, depending on
its charge state. Its dissociation into a boron-interstitial and a
carbon antisite via

sBCdSi → CSi + BI ,

where BI stands for BHex
+/0 or BspSi

− , costs between
4.1 and 5 eV[sCBdSi

+ andsCBdSi
− ] with respect to the isolated

defects. It is interesting to note that the BHex-site with a
neighboring antisite is unstable and transforms into the more
stablesBCdSi-complex. Thus the antisite captures any boron
interstitial that arrives at this hexagonal site.

We have also calculated the reaction barriers for these
processes. For the reaction BSi+Cspk100l→ sBCdSi we started
with the interstitial located at the fourth neighbor carbon site,
since the nearest neighbor complex Cspk100l-BSi transformed
into a bond-centered configuration, which was only 1.0 eV
less favorable thansBCdSi. In the above reaction the intersti-
tial carbon atom hops to the carbon neighbor of BSi. It dis-
places this atom towards the boron site such that a
sBCdSi-complex is formed. The hopping carbon interstitial
becomes the neighbor of this complex. The barriers for the
formation of the complex are comparable to the migration
barrier of the split interstitial(cf. Table II). Regarding the
capture of BHex by CSi we considered a hexagonal site lo-

cated in thek1̄1̄1̄l-direction. The barrier for the capture of
BspSi

− was calculated starting with BspSi as a second neighbor
of CSi. The resulting barriers vary between 1.3 eV(BHex

+ ) and
0.7 eV(BspSi

− ) and are comparable to the migration barrier of
the hexagonal interstitial(cf. Table II). Obviously, the disso-
ciation of sBCdSi into a BSi and Cspk100l has lower barriers
than the ejection of a boron-interstitial(the values differ by
1.7 eV). This means that carbon antisites are annihilated
through this process and the boron interstitial is converted
into a shallow acceptor.

D. BC and silicon interstitials

The interaction of BC with a silicon interstitial leads either
to a complex with SiTC or Sispk110l. A complex sBSidC was
found to be unstable. The complex BC-SiTC forms with an
energy gain of 3.6 eV from the isolated defects BC and SiTC.
In 3C-SiC the complex has no defect states within the band
gap and exists only in the charge state 3+. Complexes with
Sispk110l are by far less stable than BC-SiTC and have a disso-
ciation energy of 1.8 eV or below depending on the charge
state. Most likely BC-Sispk110l transforms into BC-SiTC. We
therefore concentrate on this latter complex.

The kick-out reaction converts BC-SiTC into a silicon an-
tisite and a boron interstitial

BC − SiTC → BTC − SiC.

The dissociation energy of BTC-SiC is only 0.6 eV with re-
spect to the isolated boron interstitial BTC and antisite SiC.
The kick-out barrier amounts to 4.1 eV. For the ejection of
SiTC from BC-SiTC into a neighboring SiTC-site, i.e.,

BC − SiTC → SiTC + BC,

we obtain a barrier of 3.7 eV, which is comparable to the
former barrier. The energy difference between the sites
amounts to 1.5 eV and is lower than the energy for the dis-
sociation into isolated defects of 3.6 eV. This means that a
long range interaction between SiTC and BC exists. Taking
this and the migration barrier of SiTC s3.5 eVd into account,
we may conclude that the dissociation of SiTC-BC into a SiTC
and BC is associated with similar or higher activation energy
than the kick-out reaction of the boron interstitial.

An important result is that the kick-out of BSi by carbon
interstitials is kinetically hindered. Furthermore, carbon an-
tisites can enhance the incorporation of boron into the silicon
sublattice. Instead, the kick-out of BC has a much higher
probability than the kick-out of BSi by .

E. Site preference of the kick-in process

A key question is whether BSi or BC is preferentially
formed by the kick-in/dissociation process. A comparison
shows that the reactions that generate the shallow acceptor
BSi have by 1–2 eV higher barriers than those leading to BC.
Only for a Fermi-level position below 0.7 eV the kick-in into
the silicon site should be favored. In this case BTC

3+ dominates
and the complex BspCk100l is unstable in this charge state. The
only route that could result in BC involves BHex

2+ and requires
charge transfer processes. For a Fermi level above 0.7 eV
kinetic processes favor the formation of BC over BSi.

V. STABLE CLUSTERS WITH BORON INTERSTITIALS

The formation of thermally stable complexes of boron
with other defects like self-interstitials potentially retards the
boron diffusion. This may occur, for example, in the course
of the annealing of implanted boron profiles. During the bo-
ron implantation carbon or silicon interstitials are generated
in excess and may readily form clusters with boron atoms.
The relevance of such a boron recapture has recently been
discussed for carbon interstitials.33 It was found that micro-
scopic clusters comprised of two carbon atoms like the di-
carbon antisite and the hexagonal carbon di-interstitials have
a large dissociation energy in the range of 4–5.6 eV.33–36

Examples of stable boron complexes aresBCdSi and
BC-SiTC, which we discussed in the previous section. Now
we consider complexes with boron interstitials in3C-SiC as
depicted in Fig. 2(c).

A very stable defect is the hexagonal boron-carbon inter-
stitial sBCdHex [cf. Fig. 2(c)]. The boron-carbon interstitial
pair binds to their neighbors in the hexagonal ring, breaking
the corresponding silicon-carbon bonds of the ring. This is
enabled by thesp2-like hybridization of the interstitial pair. A
localized defect state arises within the band gap from the
unpairedp-orbitals of the interstitial-pair.sBCdHex exists in
the positive and negative charge states. The neutral charge
state is metastable due to a negative-U effect. sBCdHex is
formed according to the reaction

BHex + Csp→ sBCdHex.

The dissociation ofsBCdHex is associated with an energy cost
of 3.5 eV for sBCdHex

+ and 4.3 eV forsBCdHex
− .
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Among the complexes of a boron interstitial with silicon
interstitials we did not find particularly stable configurations.
The most stable one is a pair of BHex and SiTC. It has a
dissociation energy of 1 eV or below, depending on the
charge state. A hexagonal boron-silicon interstitial is unfa-
vorable due to the rather extended silicon orbitals.

Regarding diboron clusters we first discuss complexes of
a boron interstitial with BSi or BC. In both cases a boron-pair
forms at the substitutional site which is oriented in the
k100l-direction. The electronic structure resembles that of
the dicarbon antisite.37 The complex at the silicon sitesB2dSi

is essentially neutral with ionization levels close to the band
edges(cf. Table I). Its dissociation is associated with an en-
ergy cost of 3.1 eV. The corresponding complexsB2dC at the
carbon site exists only in the positive and neutral charge
state. Its ionization level is located close to the valence band
edge.sB2dC has an almost vanishing dissociation energy and
hence is not relevant.

Regarding complexes of two boron-interstitials we have
investigated different configurations of a hexagonal diboron
interstitial sB2d and a complex of neighboring split-
interstitials BspSi-BspC. The latter is the most stable complex.
It has a dissociation energy of 1.7–2.4 eV, depending on its
charge state(cf. Table I).

The above analysis indicates that stable boron complexes
that may lead to a retardation of the boron diffusion do exist.

The boron complexes with intrinsic interstitialssCBdSi, BC

-SiTC, and sCBdHex, and the diboron complexsB2dSi have
substantial binding energies. This list, however, is incom-
plete and other stable boron complexes may exist.

VI. VACANCY-RELATED MECHANISMS

A. Stable boron-vacancy complexes

Boron-vacancy complexes are the diffusion vehicle for
the vacancy-mediated boron-diffusion. Mobile nearest or
second nearest neighbor complexes are formed when a va-
cancy migrates to a substitutional boron acceptor BSi or BC.
The complexes BSi-VC and BC-VSi are comprised of a substi-
tutional boron with a vacancy as a nearest neighbor. In the
complexes BC-VC and BSi-VSi the boron atom and the va-
cancy are second neighbors. Figure 4 shows their formation
energy for Si-rich conditions. In Figs. 5(a) and 5(d) the ge-
ometry of the most stable complexes BSi-VC and BC-VC is
depicted. The nearest neighbor complexes BSi-VC and
BC-VSi transform into each other with the boron atom switch-
ing between the carbon and silicon site

BSi − VC ↔ BC − VSi.

BSi-VC was reported to be the most stable configuration
already in earlier calculations.7,17,32,38It exists as a positive,
neutral, and negative complex. BC-VSi is unstable in the posi-
tive charge state and exists as a neutral or negative complex.
The positive charge state is therefore not shown in Fig. 4.
Also the neutral complex transforms with a small barrier into
BSi-VC (cf. Table II). The transformation of the negative
complexes involves somewhat larger barriers of 0.5 and
1.1 eV for sBC-VSid− and sBC−VSid2−, respectively.

The second neighbor complex BC-VC is stable in the posi-
tive and negative charge state. Similar to the isolated carbon
vacancy,27,39,40 it exhibits a negative-U behavior. The com-
plex BSi-VSi is metastable in all charge states. With a dis-
placement of the common carbon neighbor of BSi and VSi
into the vacancy it transforms into the more stable
BSi-VC-CSi-complex with an energy gain between 4.9 and
2.3 eV. Its metastability has a similar origin as that of the
silicon vacancy that transforms intoVC-CSi for a Fermi-level
position below 1.7 eV.17,27,41

B. Migration of B Si-VC

For the migration of BSi we have analyzed mechanisms
based on the migration of BSi-VC. The complex BSi-VC could

FIG. 4. Boron-vacancy complexes: formation energy for Si-rich
conditions. The geometry of BSi-VC and BC-VC is displayed in Figs.
5(a) and 5(d).

FIG. 5. Migration of the
boron-vacancy complexes. Upper
panel: BC-VC: (a) initial hop of the
boron atom, (b) hop of carbon
neighbor C1, and (c) hop of car-
bon neighbor C2. Lower panel:
BSi-VC (d) concerted exchange of
BSi and Si and(e) site change of
VC by a second neighbor hop of a
C-neighbor.
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migrate by a ring mechanism42,43 based on nearest neighbor
hops

BSi − VC ↔ BC − VSi.

However, as shown in our earlier analysis,7 this mechanism
is not very likely. This is especially true for the positively
charged complex, since the first exchange of boron and the
vacancy leads to the unstable complex BC-VSi. Also the neu-
tral complex BC-VSi is hardly stable, due to the small barrier
of 0.1 eV (cf. Table II). Only for the negative complex a
stabilizing barrier is observed. Taking further into account
that VC and VSi migrate by second neighbor hops, a ring
mechanism based on nearest neighbor hops does not seem
likely.

Instead, the migration of BSi-VC could proceed by a con-
certed exchange of the boron and a silicon neighbor of the
vacancy,

BSi − VC ↔ VC − BSi

as depicted in Fig. 5(d). A migration of VC by the second
neighbor hop, as indicated in Fig. 5(e), moves the whole
complex into a new position. For the concerted exchange we
have investigated the path of Fig. 5(d) (denotedc.e.1) and a
second path with the routes of B and Si exchanged(denoted
c.e.2). The migration barriers are listed in Table II. Both
exchange processes are associated with large barriers, those
for pathc.e.1 being somewhat lower. The energy barriers of
the second neighbor hop of the vacancy are much lower than
the values obtained for the concerted exchange. Given the
high migration barrier, the complex may also dissociate. The
dissociation barrier can be estimated from the migration bar-
rier of the carbon vacancy(5.2 eV for VC

2+, 4.2 eV for VC
+,

and 3.5 eVVC
0 as obtained in Ref. 27) and the binding energy

of the complex, which amounts to 2.3, 1.7, and 0.7 eV for
the positive, neutral, and negative complex, respectively. By
this approximation we obtain values between 7.5 and 4.2 eV.
Thus the dissociation of BSi-VC is indeed more likely than
the migration.

C. Migration of B C-VC

For the migration of BC via BC-VC we have analyzed a
mechanism based on second neighbor hops

BC − VC ↔ VC − BC,

as depicted in Fig. 5. Three distinct hops are possible: a hop
of BC into VC and hops of two different carbon neighbors
that are common toVC and BC. These latter hops change the
position of the vacancy with respect to BC. The barriers for
the three hops are listed in Table II. The lowest barrier is
associated with the hop of BC. The barriers for the hops of
the carbon atoms are equal to or exceed the migration barrier
of the isolated vacancy. The complex may also dissociate
sBC-VC→BC+VCd after the boron has switched site with the
vacancy. The dissociation barrier estimated from the migra-
tion barrier of VC and the binding energy of the complex
amounts to 6.5 and 4.2 eV for the positive and negative
charge states, respectively. For the negative charge state the
dissociation thus has a higher probability than the two carbon
hops.

D. Migration of B Si-VC-CSi

The complex BSi-VC-CSi should be mobile, as it is the
case forVC-CSi.

27 A possible migration mechanism may in-
volve a transformation into BSi-VSi. This configuration can
migrate by second neighbor hops similar to BC-VC. The
analysis of the full mechanism is complex, as a number of
different intermediate configurations arise due to the meta-
stability of the complex. Such a task requires large super
cells and exceeds the available computational resources. In-
stead, we shall use the barrier of the second neighbor hop of
VSi as an estimate. This barrier varies between 2.7 and
3.2 eV.27 We further assume that the transformation between
BSi-VC-CSi and BSi-VSi is thermally activated. The effective
migration barrier is then given by the formation energy dif-
ference of the two complexes and the estimate for the migra-
tion barrier of BSi-VSi. Its estimated value varies between
4.8 eV smF=ECd and 8.2 eVsmF=EVd, whereEC andEV are
the conduction and valence band edge, respectively. Thus
only in n-type material a reasonably low barrier occurs for
this migration mechanism. There the silicon vacancy also
becomes available as a stable defect.27

E. Dissociative mechanism

The dissociative mechanism consists of a spontaneous
creation of a boron interstitial vacancy pair and the subse-
quent migration of the boron interstitial. By a recombination
with another vacancy, the boron interstitial becomes substi-
tutional again. The major contribution to the activation en-
ergy is given by the energy difference between the substitu-
tional defect and the boron interstitial vacancy pair. In the
case of BSi the dissociation creates BHex-VSi or BspSi-VSi
pairs. However, all pairs with the interstitial in the fourth
neighbor shell of the vacancy recombine without barrier. We
therefore use the isolated defects for an estimate of the en-
ergy difference. It amounts to 10.2 eV for the reaction BSi

0

→BHex
+ +VSi

− (11.6 eV, if we refer to BSi
− and mF=1.2 eV).

For BC we obtain a lower bound for the activation energy of
7.6 eV using the second neighbor complex BspC-VC as a ref-
erence. Using the isolated defects BHex

+ and VC
0 and mF the

energy difference amounts to 9.3 eV atmF=1.2 eV.

VII. DISCUSSION

In the following we discuss our results in the light of
recent experiments. In particular, we identify the interstitial-
mediated migration as the dominant diffusion mechanisms
and point out the importance of the Fermi-level effect. Our
view is supported by experimental results for the equilibrium
diffusion with a spatially constant boron concentration23 and
investigations on the in-diffusion from the surface8,9,16 as
well as implanted boron-profiles.10,12,13

A. Equilibrium diffusion

The equilibrium diffusion is described by the concentra-
tion of mobile boron defects and their diffusivities. It is as-
sumed that substitutional boron can freely convert into mo-
bile complexes and vice versa, implying a sufficiently high
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temperature for the thermal activation of these reactions. The
diffusion constant is a sum of the contributions of boron
interstitials and boron-vacancy complexes determined by the
defect concentration and diffusivity. The activation energy
for each mechanism is given by1

QA = Ef + Em,

where Ef is the formation energy of the defect andEm its
migration barrier.Ef is a function ofDmB andmF. In case of
the boron-vacancy complex BC-VC it also depends onDmSi
(stoichiometry). The explicit expressions forQA are listed in
Table III. The last column shows the range ofmF in which
the charge state of the migrating defect is stable. For a com-
parison of the mechanisms we also included the variation of
QA due to mF-variation in the stoichiometry range(DmSi
=0.0 eV andDmSi=−0.62 eV, respectively). Note that the
dependence onDmB is the same for all diffusion channels, as
stated in the second column. An inspection shows that the
interstitial-mediated diffusion always dominates over the
vacancy-mediated mechanisms. Only in C-rich material with
mF.2.0 eV the migration ofsBC−VCd− and BspSik110l

− have a

similar activation energy. This, however, is only relevant
when the concentration ofn-type dopants by far exceeds the

boron concentration, as we shall see below. Also with respect
to the dissociative mechanism, the interstitial-mediated chan-
nel dominates.

For a comparison with diffusion experiments it is helpful
to obtain a relation betweenDmB and the total boron concen-
tration. Such a relation depends on the temperature and on
the doping conditions viamF which is obtained from the
neutrality equation for a given valueDmB as outlined in Sec.
I. This relation is shown in Fig. 6 for 3C-SiC with a negli-
gible content of other impurities. In Fig. 7 the Fermi levelmF

is plotted versus the boron concentration for3C-SiC and
4H-SiC.

As discussed in Sec. III, the Fermi-level position is im-
portant for the mechanism of the interstitial-mediated boron
migration. At low boron concentrations the Fermi level is
located at the mid-gap for the corresponding temperature. It
is lower than the value at zero temperature(Egap

3C =2.39 eV
and Egap

4H =3.29 eV) since the fundamental band gap shrinks
at high diffusion temperatures. It decreases from its mid-gap

TABLE III. Activation energy of the interstitial and vacancy-mediated boron diffusion.

Activation energyQA feVg Range of
mF feVgPath Explicit Si-rich C-rich

BTC
3+ 5.1+3mF−DmB 5.1–7.2 EV–0.7

BHex
+ 4.7+mF−DmB 5.5–6.6 0.7–1.9

BHex
0 6.0−DmB 6.0 1.9–2.0

BspSik110l
− 8.3−mF−DmB 5.9–6.3 2.0–EC

sBSi-VCd+ 10.6+mF−DmB 10.6–12.5 EV–1.9

sBSi-VCd0 11.1−DmB 11.1 1.9–2.1

sBSi-VCd− 11.9−mF−DmB 9.5–9.8 2.1–EC

sBC-VCd+ 7.4+mF−2DmSi−DmB 7.4–8.9 8.6–10.1 EV–1.5

sBC-VCd− 10.5−mF−2DmSi−DmB 8.1–9.0 9.3–10.2 1.5–EC

FIG. 6. Chemical potentialDmB versus boron concentration for
Si-rich and C-rich conditions for 3C-SiC.

FIG. 7. Fermi-levelmF versus boron concentration for Si- and
C-rich conditions. The upper panel refers to 3C-SiC, the lower
panel to 4H-SiC.
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value with increasing boron concentrations. At high concen-
trations(above 1019 cm−3) it approaches the acceptor levels
of BSi or BC (the calculated values7 amount to 0.2 and
0.4 eV, respectively; using the experimental value for BSi
(Ref. 44) of 365 meV does not affect the results). Note that
BSi was found to dominate in C-rich material, while BC is
relevant for Si-rich conditions.6,7 Figure 7 shows thatmF may
reach values below 0.7 eV for boron concentrations above
531018 cm−3. The interstitial-mediated boron diffusion thus
is dominated by the hexagonal boron-interstitial BHex

+ at low
and moderate boron concentrations and by the tetrahedral
carbon-coordinated boron interstitial at high boron concen-
trations. Note, however, that this concentration depends on
the polytype and on the diffusion temperature.

Experimentally the equilibrium boron diffusion has been
investigated by Mokhov and coworkers by means of tracer
diffusion experiments in 6H-SiC in a temperature range of
2380–2860 K.23 The analysis of the diffusion data yields an
activation energy of 5.5 eV. The samples were boron-doped
with a concentration of 531019 cm−3. This boron concentra-
tion at 2500 K corresponds to a value ofDmB between
−0.7 eV (C-rich) and −0.6 eV(Si-rich) and a Fermi level at
0.7 eV (Si-rich) and 0.6 eV (C-rich) for 6H-SiC. Under
these conditions the diffusion proceeds via BHex

+ with an ac-
tivation energy of 6.0 eV(C-rich and Si-rich) which is in
nice agreement with the experimental value.

B. Evidence for the Fermi-level effect and the kick-out
mechanism

The earlier in-diffusion experiments conducted by
Mokhov et al.9 in 6H-SiC evidenced that, indeed, a posi-
tively charged defect mediates the boron migration inp-type
and intrinsic material. Though Mokhovet al. proposed a
model based on boron-vacancy complexes, their analysis is
in fact also valid for a interstitial mediated diffusion as sug-
gested by our theoretical results and the detailed analysis of
the diffusion profiles by Konstantinov.11 Mokhov et al. used
aluminum-doped samples with an Al concentration between
231017–1021 cm−3 to analyze the Fermi-level effect of the
boron in-diffusion. The diffusion coefficient extracted from
the error-function shaped boron profiles in the temperature
range 1600–2550°C and for a moderate boron surface con-
centration,1018 cm−3 showed a linear dependence on the
net acceptor concentration characteristic for a positively
charged defect. Interestingly, for a temperature of 1950°C
the Fermi level effect was only observed for acceptor con-
centrations above 1018 cm−3, while the diffusion coefficient
was essentially insensitive to the Al-concentration below this
value. This finding is consistent with the calculated depen-
dence ofmF on the boron concentration at high temperatures
(cf. Fig. 7): At 2500 K in 4H-SiC the Fermi-level deviates
from its mid-gap value only for boron concentrations above
1018 cm−3. Note that at these high temperatures the lower
value for the aluminum acceptor levelsEV+200 meVd is al-
most negligible in this respect.

The analysis of diffusion experiments on implanted boron
profiles gave also evidence for a kick-out mechanism.12 The
experiments were conducted inp-type andn-type materials

(fAl g,431016 cm−3 and fNg,1017 cm−3 respectively) us-
ing implanted box-shaped boron profiles with an average bo-
ron concentration of 531018 cm−3. It was possible to con-
sistently describe the diffusion profiles by a diffusion model
based on the kick-out mechanism, while a model based on a
dissociative mechanism was not applicable.

C. Transient enhanced diffusion and coimplantation

In the description of the boron in-diffusion from the sur-
face and of the diffusion of implanted boron profiles one
inevitably has to include the kinetics of the kick-out/kick-in
reactions, the diffusion of self-interstitials, and the excess
concentration of self-interstitials generated by the implanta-
tion or during the in-diffusion from the surface.1,11,12 In this
and the following sections we briefly discuss such kinetic
effects.

An excess of carbon or silicon interstitials was exploited
to control the boron diffusion in the subsequent annealing
after implantation by Laubeet al.10 They found that the tran-
sient enhanced boron diffusion was suppressed by the coim-
plantation of carbon or by preannealing the samples at a
lower temperature than the main annealing(900 °C com-
pared to 1700 °C), whereas a silicon coimplantation further
enhanced the diffusion. It was argued10 that the preannealing
could reduce the implantation damage via interstitial-
vacancy recombination and increase the activation of the
dopant atoms. The efficiency of this processing step at mod-
erate temperatures in the initially compensated material can
be easily explained theoretically33 by the low barriers en-
countered for the self- and boron-interstitial migration and
for the vacancy-interstitial recombination. In contrast to the
preannealing, the silicon or carbon coimplantation besides
the additional damage should enhance the interstitial concen-
tration and, hence, the boron-diffusion. The retardation effect
of the carbon coimplantation is not obvious from this simple
argument and thus Laubeet al.argued, in analogy to the case
of silicon, that interstitial carbon may form thermally stable
defects with boron.

Indeed Mattauschet al.,34,37 Gali et al.,36 and Bockstedte
et al.33 have shown theoretically that carbon interstitials in
SiC can form highly stable carbon aggregates. This cluster-
ing process may diminish the surplus of highly mobile car-
bon interstitials already during the implantation.33 Even
though these clusters release the interstitials at high diffusion
temperatures, they give rise to a retardation effect. Since bo-
ron and carbon were implanted at similar doses, the forma-
tion of the boron-carbon interstitial clustersBCdHex may add
to a retardation effect. This is indicated by the relatively
large dissociation energy of the hexagonal boron-carbon in-
terstitial discussed in Sec. V, which, however, is less stable
than the corresponding carbon di-interstitial. A similarly
stable silicon-boron complex was not found except for
SiTC-BC. However, as discussed above, this complex affects
the boron-diffusion in a different way.

Another possibly stronger retardation arises from the fol-
lowing observation: An excess of carbon interstitials has a
different effect on the kick-out diffusion than an excess of
silicon interstitials. While silicon interstitials initiate kick-out
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reaction for BSi and BC, carbon interstitials predominantly
interact with BC. The kick-out reaction with BSi is kinetically
suppressed. The excess carbon also implies an enhanced con-
centration of carbon antisites and consequently of BSi. As
shown in Sec. IV, carbon antisites kinetically enhance the
concentration of BSi. Hence the transient effect is already
reduced by these aspects in the case of carbon co-
implantation.

D. Preferential formation of BC in diffusion tails

In the discussion of the kick-out/kick-in reactions in Sec.
III we pointed out that the kick-in reaction BHex→BSi+SiI
has a considerably higher barrier than the corresponding re-
action BHex→BC+CI. We argued that this should lead to a
preferential formation of BC as compared to BSi when ther-
modynamic equilibrium is not fully established. In particular,
this argument should apply to the extended diffusion tails of
in-diffused or implanted boron-profiles. At equilibrium, how-
ever, the distribution of boron on the carbon and silicon sub-
lattice depends on the stoichiometry of the sample as dem-
onstrated by theoretical investigations6,7 in agreement with
experiments,3,44 i.e., at C-rich conditions the shallow accep-
tor BSi dominates over BC. Since all processes are stationary
in the case of the equilibrium diffusion, such a kinetic effect
is absent there. Experimental evidence for the preferential
formation of deep boron centers was reported for the boron
in-diffusion16 and the diffusion of implanted boron profiles.15

Gaoet al.16 used an-type substrate to create ap-n diode by
the in-diffused boron. They observed a donor-acceptor pair
recombination involving the deep boron acceptor that, ac-
cording to the interpretation of the experiment, stemmed
from the second zone where thep-n transition was located. A
corresponding transition involving the shallow acceptor was
absent. For boron-implantedn-type 6H-SiC Gonget al.15

reported the occurrence of the D-center in the extended dif-
fusion tail. According to early studies of the donor-acceptor
pair recombination45 the deep acceptor, which should be re-
lated to the D-center, was correlated with a boron defect on
the carbon sublattice. Later the center was reinterpreted9,38,46

as a complex of substitutional boron and a carbon vacancy.
This interpretation is, however, not consistent with the ion-
ization levels of the complexes BC-VC or BSi-VC obtained
from first principles calculations7,32 that are located in the
upper half of the band gap. Other candidates including BC
and boron-antisite complexes were discussed.7,32 The most
promising candidate,7 however, seems to be BC. Yet, the lim-
ited accuracy of the calculated ionization levels does not per-
mit a final conclusion. However, this identification could also
explain the dependence of the deep acceptor concentration
on the C/Si-ratio in CVD grown SiC.44 It would also be
consistent with the kinetic formation of BC in the diffusion
tails.

E. In-diffusion and the occurrence of diffusion zones

The in-diffusion experiments in 6H-SiC of Mokhovet al.9

and Gaoet al.44 yielded boron profiles with two different
zones at high surface concentrations of 1020 cm−3. The first
zone close to the surface contains a high boron concentration

and the more extended second zone a lower concentration.
The appearance of two diffusion zones in the in-diffused
boron profiles requires a more elaborate analysis that has to
include, besides the bulk diffusion, also the surface reactions.
However, two aspects we described above are certainly rel-
evant, namely the trapping of BHex by BSi in regions with a
high boron concentration and the selective kick-out process
of carbon split-interstitials.

VIII. SUMMARY AND CONCLUSION

We investigate the role of silicon and carbon interstitials
in the interstitial-mediated boron diffusion using anab initio
method. The migration path of the most stable boron inter-
stitials, boron-vacancy complexes, and the kick-out reactions
that initiate the interstitial-mediated boron diffusion are stud-
ied by a saddle point search method. The analysis of the
interstitial-mechanisms for various doping conditions shows
that three types of boron interstitials are relevant for the
interstitial-mediated diffusion. For a moderately doped mate-
rial we find that the positive hexagonal boron interstitial is
most important. In stronglyp- andn-doped SiC, the tetrahe-
drally carbon-coordinated interstitial, and thek110l-oriented
boron-silicon split interstitial dominate. Generally, the boron
interstitial favors a migration via metastable split interstitial
sites, thus avoiding a direct path. This finding is in agreement
with recent investigations(Refs. 18 and 19) that focus on the
hexagonal interstitial.

We calculated activation energies for the different diffu-
sion channels. The comparison of the energies shows that the
boron equilibrium diffusion is governed by the interstitial-
mediated mechanism and not by the vacancy-assisted diffu-
sion. These findings are in agreement with the analysis of
experiments on the equilibrium and chemical boron diffu-
sion. In particular, we were able to reproduce the experimen-
tal activation energy of the equilibrium diffusion(Ref. 23).
At these experimental conditions the diffusion is dominated
by the positive hexagonal interstitial. This is in nice agree-
ment with the Fermi-level effects observed experimentally
by Mokhov et al. (Ref. 9).

Our results further corroborate the experimental evidence
for a kick-out mechanism(Refs. 10–12), also with respect to
the absence of Fermi-level effects for a low dopant concen-
tration. The theoretical modeling of the kick-out mechanism
so far included only the interaction of the shallow boron
acceptor with a silicon interstitial. We extended the to-date
theoretical picture by analyzing the different role of carbon
and silicon interstitials in the diffusion of the two substitu-
tional boron defects. The central result is that the kick-out
reactions with silicon interstitials initiate the diffusion of bo-
ron on both sublattices, while carbon interstitials only medi-
ate the diffusion of boron on the carbon sublattice. The
kick-in process of boron interstitials favors(due to the lower
barrier) the formation of boron on the carbon sublattice at the
diffusion front. We also find that carbon antisites, e.g.,
formed by carbon coimplantion, can capture boron intersti-
tials and form a stable boron-carbon split interstitial. This
defect complex primarily dissociates into a substitutional bo-
ron and a carbon interstitial, thus binding boron to the silicon
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sublattice. In an excess of carbon-interstitials boron hence
becomes essentially immobile, as observed experimentally
(Ref. 10). We further describe small boron-carbon interstitial
complexes and a diboron split interstitial on the silicon sub-
lattice. Either of these defects may reduce the boron migra-
tion, given a high concentration of carbon interstitials or bo-
ron, respectively. These kinetically driven effects together
with a possible carbon aggregation may also contribute to the

observed suppression of transient enhanced boron diffusion
upon carbon coimplantion(Ref. 10).
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