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Structural and electronic properties of 3d transition metal impurities in silicon carbide
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We carried out a theoretical investigation on the electronic and structural properties of typical residual
transition metal impurities in silicon carbide. The calculations were performed using the all electron spin-
polarized full-potential linearized augmented plane-wave methodology. The results on stability, spin states,
hyperfine parameters, formation and transition energies of isolated Ti, V, and Cr impurities in 3C-SiC and
2H-SiC were compared to available experimental data.
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I. INTRODUCTION

Silicon carbide~SiC! has been potentially considered
device technology for applications at high temperatures, h
frequencies, and high powers.1 SiC is a wide band-gap sem
conductor which has more than 200 known polytypes.2 From
all these polytypes, interest has been focused on the c
(3C) and hexagonal (4H and 6H) phases. Crystalline sili-
con carbide is generally grown by the Lely technique,
which residual impurities end up being incorporated in
material. Transition metals, such as titanium, vanadium,
chromium, are some of those impurities which have be
identified in the resulting silicon carbide.3 Since transition
metals are known to generate electrically active center
semiconductors, it is important to identify the properties
those impurities in SiC.

Vanadium and chromium generate active centers in
SiC polytypes. On the other hand, the activity of titaniu
depends on the host polytype. Experiments indicate
while Ti is active in 4H-SiC, it is inactive in 3C-SiC.3 Al-
though the local structure is essentially the same in ei
hexagonal or cubic material, the electronic activity of tit
nium should result from the differences in the materials ba
gap«g . Deep level transient spectroscopy experiments on
in 4H-SiC show that Ti introduces gap levels near t
conduction-band bottom.4 According to the Langer-Heinrich
rule,5 the transition energies of a transition metal~TM! are
aligned with respect to a bulk reference level. The valen
band tops for both polytypes are essentially aligned, and«g
is considerably smaller in 3C-SiC ~2.42 eV! than in 4H-SiC
~3.27 eV!. Therefore, the Ti-related acceptor transition e
ergy would be pinned in the conduction band for t
3C-SiC, and it would be undetectable.

To the best of our knowledge, so far there is noab initio
investigation on transition metals in silicon carbide in whi
atomic relaxations are taken into account. Here we car
out an investigation on the electronic and structural prop
ties of Ti, V, and Cr in cubic (3C) and hexagonal (2H)
silicon carbide. Hexagonal 2H silicon carbide is the proto
typical crystalline configuration for device applications sin
it has the largest energy band gap from all polytypes~3.33
eV!. Although growing 2H silicon carbide samples are still
remarkable task, for our theoretical investigations it is
ideal hexagonal polytype configuration since the crystal c
0163-1829/2004/69~15!/155212~8!/$22.50 69 1552
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tains only one nonequivalent sublattice for either silicon
carbon atoms.

We carried our calculations using the spin-polarized fu
potential linearized augmented plane-wave method.6,7 We
showed that TM impurities are energetically favorable in t
silicon substitutional sublattice rather than in the carbon s
stitutional sublattice or interstitial sites in SiC. We comput
the symmetry, spin, hyperfine parameters, and energetic
those centers in several charge states in 3C-SiC and 2H-SiC.

II. METHODOLOGY

The full-potential linearized augmented plane wave~Ref.
7! is one of the most accurateab initio methods, and still
computationally efficient, to investigate the electronic a
structural properties of solids and its defects.8 Within such
methodology, the exchange-correlation potential was
scribed by the density-functional theory9,10 in the generalized
gradient approximation.11 Additionally, we used the spin-
polarized and the relativistic scheme.

We considered a reference supercell of 54 atoms for
3C-SiC crystal, in a face centered cubic Bravais lattice. T
distance between an impurity and its images is 9.29 Å. Si
our calculations involve only deep centers, this distance
enough to avoid relevant image interactions. We sho
stress that we also performed calculations with 32-atom
percells, which showed to be inappropriate for our investi
tion, mostly in the case of impurities sitting in interstitia
sites. For the 2H-SiC crystal, we considered a reference s
percell of 56 atoms, in a hexagonal Bravais lattice. The d
tance between an impurity and its images is 8.19 Å in ba
plane direction and 10.11 Å in the normal direction.

For the bulk materials, a convergence in total energy w
achieved using 5.8/R~maximum length of the plane waves!,
whereR is the smallest radius of spheres which define
host atoms. We usedRSi51.5 a.u. andRC51.2 a.u. In all
calculations involving the TM impurities, we usedRTM
51.2 a.u. Self-consistent interactions were performed u
convergence on both the total energy (1024 eV per unit cell!
and total charge in the atomic spheres (1025 electronic
charges per atom! were achieved. The atomic positions we
relaxed using the damped Newton scheme until the for
were smaller than 1 mRy/a.u. The Brillouin zone~BZ! was
sampled by a 23232 grid12 and a uniquek point in the
©2004 The American Physical Society12-1
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center of the zone. For all the systems, we used the res
tive theoretical lattice parameters, as initially computed
the same methodology and equivalent sets ofk points to
sample the BZ. Those approximations lead toa54.38 Å
@aexpt54.360 Å ~Ref. 13!# in 3C-SiC anda53.09 Å and
c55.05 Å @aexpt53.076 Å, cexpt55.035 Å ~Ref. 13!# in
2H-SiC.

III. RESULTS

A. Titanium impurity in 3 C-SiC

Figure 1 displays the impurity-induced energy leve
based on the Kohn-Sham eigenvalues, for the neutral isol
Ti impurity in 3C-SiC. Figures 1~a! and 1~b! show, respec-
tively, the results for the impurity in substitutional Si (Tis

Si)
and C (Tis

C) sites, and Figs. 1~c! and 1~d! the results for the
tetrahedral interstitial Ti impurity surrounded, respective
by four nearest-neighboring Si atoms (Tii

Si) and by four C
atoms (Tii

C).
In 3C-SiC, the Tis

Si center@Fig. 1~a!# introduces no energy
levels in the band gap, showing an effective spinS50 and a
Td point symmetry. The four nearest neighbors undergo
outward relaxation of only 0.1 Å. The Ti-related energy le
els are unoccupied resonant levels in the conduction b
The crystal-field splitting between thee and thet2 levels is
0.7 eV. The Tis

C center is also a closed-shell system@Fig.
1~b!#, being stable inTd point symmetry, where the fou
nearest-neighbor Si atoms and the 12 next-nearest-neig
C atoms relax outward by 0.5 Å and 0.1 Å, respective
However, this center displays a fully occupiedt2 level in the
band gap. In contrast to the Tis

Si center, the interactions be
tween Ti and the Si nearest-neighboring atoms caus
crystal-field splitting of 1.6 eV and the vacancyt2-related
energy level lies in the band gap. Our results for subst

FIG. 1. Schematic representation of the Ti 3d-related impurity
energy levels, in the band-gap region for the neutral Tis

Si , Tis
C , Tii

C ,
and Tii

Si centers around theG point. The occupation of the energy
gap levels are represented by the numbers of full circles. The↑ and
↓ arrows represent the spin-up and spin-down levels, respectiv
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c-
y

,
ed

,

n

d.

or
.

a

-

tional Ti are consistent with a recent theoretic
investigation14 if atomic relaxations are not taken into a
count. We should stress that relaxation plays a major role
the final results for Tis

C , even determining the spin groun
state (S50) of the center.

The crystal-field theory could be invoked to explain t
results on the substitutional titanium impurity in a tetrahed
symmetry~Fig. 2!. Although the Ti atom is isoelectronic with
Si and C atoms, its electronegativity is 1.5~in the Pauling
scale!, close to the value 1.8 for Si, but considerably low
than the value of 2.5 for C. Therefore, a different behavior
Ti atom could be expected if rebonding to neare
neighboring Si or C atoms. Figure 2~b! presents a schemati
representation of the electronic structure of a vacancy in S
A Si vacancy presents an acceptor character so thet2 energy
level, occupied by two electrons, is near the top of the
lence band. On the other hand, a C vacancy presents a don
character and thet2 energy level, occupied by two electron
is near the bottom of the conduction band. Therefore, whe
Ti atom replaces a Si atom, it undergoes ap-d hybridization,
binding to the four carbon atoms. The reconstruction of
dangling bonds coming from the Si vacancy pushes
t2-related vacancy levels down to the valence band, introd
ing a nonbonding orbital with ane symmetry and at2 anti-
bonding level in the conduction band, as represented in
2~c!. The introduction of the Ti impurity in the C vacanc
reconstructs only slightly the dangling bonds, leaving a fu
occupiedt2 vacancy-related energy level in the band ga
This model is clearly evidenced by the contour plot of t
total electronic charge density shown in Fig. 3 for~a! Tis

Si

center and~b! Tis
C center, in the neutral charge state. T

figure shows that only the Tis
Si center presents large conce

tration of interstitial charge between Ti and its neighbors,
evidence of bond reconstruction. While there is a rebond
of the vacancy dangling bonds for substitutional Ti in a
site @Fig. 3~a!#, this is not observed for a substitutional Ti i
a C site@Fig. 3~b!#.

y.

FIG. 2. Schematic representation of the crystal-field theory
the substitutional titanium impurity in a tetrahedral symmetry. T
b and * symbols indicate the bonding and antibonding states,
spectively.~a! 3d14s titanium atomic states inTd crystal field,~b!
vacancy-related states in SiC, and~c! titanium-related states in sub
stitutional site in 3C-SiC.
2-2
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STRUCTURAL AND ELECTRONIC PROPERTIES OF 3d . . . PHYSICAL REVIEW B69, 155212 ~2004!
The Tii
Si center~interstitial Ti impurity surrounded by fou

nearest-neighboring Si atoms! presents a low-spin configura
tion, with an effective spinS51 and aC2v point symmetry,
with the energy levels presented in Fig. 1~c!. The four
nearest-neighboring Si atoms relax outward by about 1
Relevant relaxation was also observed on the fourth nea
neighboring C atoms~by about 5%!, which are those atom
bounded to the impurity first neighbors.

The Tii
C center presents a low-spin configuration with

effective spinS51 in a C3v point symmetry@Fig. 1~d!#.
Relaxation takes place with the Ti impurity moving towa
one of the C first neighbors by 0.11 Å, pulling this C atom
relax away in the same direction by 0.07 Å. The other th
first neighbors also relax away from the Ti impurity by 0.1
Å. In this case, the distortion, lowering the symmetry of t
center fromTd to C3v , is important to determine the effec
tive spin of the center. In theTd symmetry, the center pre
sents a high-spin configuration (S52), but in theC3v the
spin isS51. This result contrasts with the Tii

Si center, which
presents a low-spin configuration in either symmetry.

Table I summarizes the results for the Ti impurities
3C-SiC. The table presents the symmetry, total spin, form
tion energies,15,16 transition energies, and contact hyperfi

FIG. 3. Contour plot of the total electronic charge density in
@110# plane for~a! Tis

Si and ~b! Tis
C in the neutral charge state. Th

line separation is 0.1 e/Å3.
15521
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parameters in the Ti nucleus for substitutional and intersti
centers in 3C-SiC. Using the total energies for the centers
positive and negative charge states, we computed the res
tive donor and acceptor transition energies and forma
energies~as explained in the Appendix!. Since the Ti-related
energy levels of Tis

Si center lie outside the band gap, th
acceptor transition of this center does not exist, which
consistent with experimental measurements.3,17 We find that
the charge state of a certain center does not alter substan
the contact hyperfine terms. Additionally, the contact term
negligible for substitutional titanium.

The Tis
Si center has the lowest formation energy, being

preferential configuration in SiC. Formation energies
other Ti centers are at least 6.1 eV higher than the one of
configuration. It is energetically favorable for titanium
stay in sites with carbon atoms as first neighbors in
charged states. Therefore, in the following sections we fo
our investigation only on the properties of Ti, V, and C
sitting in the Si sublattice (TMSi) in both 3C-SiC and
2H-SiC materials.

B. Transition metals in 3C-SiC and 2H -SiC

Figure 4 displays the energy eigenvalues representing
3d-related impurity levels in the band-gap region for t
neutral substitutional Ti, V, and Cr in 3C-SiC and 2H-SiC.
In 3C-SiC, the 3d-related energy levels are split into ane
plus a t2 representation, while in 2H-SiC, due to theC3
symmetry, thet2 representation splits further into ane plus
an a level. In the figure, the top of the valence bands in 3C
and 2H polytypes were aligned, without any valence-ba
offset. This was justified by theoretical investigations whi
computed a small valence-band offset between 2H- and
3C-SiC ~0.13 eV!,18 and also by experimental data in whic
a small valence-band offset was found between 4H- and
6H-SiC ~0.17 eV!.19

By comparing the Ti-related levels in 3C @Fig. 4~a!# and
2H-SiC @Fig. 4~d!#, we find that the nonbonding energy lev
with an e representation lies essentially at the same posi
with relation to «v . This unoccupied level lies inside th
band gap in the 2H polytype, and has a higherd character
when compared to the respective level in the 3C polytype.
This center in 2H-SiC has aC3 point symmetry, with the
four nearest neighbors undergoing an outward relaxation
about 6%.

The figure also presents the 3d-related energy levels fo
neutral substitutional V and Cr in 3C and 2H polytypes. In
both polytypes the V impurity introduces a partially occupi
e↑ level in the center of the gap@Figs. 4~b! and 4~e!#. The Cr
impurity introduces a fully occupiede↑ level in the lower
half of the gap@Figs. 4~c! and 4~f!#. The energy-level order-
ing shows that the V center presents a low-spin configura
(S51/2) while the Cr center presents a high spin configu
tion (S51). As a result of the electronic configuration for V
an 2E ground state can be assigned to the center, wh
should lead to a symmetry lowering. However, our calcu
tions showed that distortions are very small, and the ce
remains essentially in aTd symmetry. In terms of the struc
tural relaxation, we find that for the V and Cr centers, t
2-3
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TABLE I. Results for substitutional and interstitial titanium in 3C-SiC. The table presents the symmetr
total spin S, formation energiesDEf , transition energiesEt with relation to the valence-band top«v , and
isotropic contact hyperfine termA in the 49Ti nucleus. Energies and hyperfine parameters are given in eV
MHz, respectively. The theoretical approximations and numerical truncations lead to an estimated e
'0.2 eV in the calculated transition energies and'1 MHz in the hyperfine terms.«F is the Fermi energy and
0<g<1, whereg50 andg51 describe the silicon and carbon rich environments, respectively. All
formation energies are presented with relation to the (Tis

Si)0 center, which is 4.3 eV.

Symmetry S DEf Et A

(Tis
Si)0 Td 0 0.0 0

(Tis
C)1 C2v 1/2 6.111.2g1«F 1.1(0/1) 21

(Tis
C)0 Td 0 7.211.2g 0

(Tis
C)2 D2d 1/2 9.211.2g2«F 2.0(0/2) 1

(Tii
Si)1 Td 3/2 6.110.6g1«F 2.0(0/1) 216

(Tii
Si)0 C2v 1 8.110.6g 215

(Tii
Si)2 C2v 1/2 10.210.6g2«F 2.1(0/2) 216

(Tii
C)1 C3v 3/2 4.310.6g1«F 1.8(0/1) 28

(Tii
C)0 C3v 1 6.110.6g 29

(Tii
C)2 C3v 1/2 8.010.6g2«F 1.9(0/2) 29
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four nearest neighbors undergo outward relaxation of ab
3% in both 3C and 2H polytypes.

Table II summarizes the symmetry, total spin, formati
energies, transition energies, and contact hyperfine pa
eters for TMSi in 3C-SiC and 2H-SiC in several charge
states. From the Ti0 to the Cr0 impurities in 3C-SiC, the
crystal symmetry is kept@Td#, while for Cr2 there is a sym-
metry lowering toC3v . To understand such a behavior, Fi
5 presents the energy eigenvalues for the Cr center in se
charge states. For the Cr1 and Cr0 centers in both polytypes
the last occupied level has a nonbonding 3d-character (e
state! with a high 3d electronic concentration inside the C
sphere. However, the energy-level ordering is such that
Cr1 centers present a low-spin configuration, while the C0
15521
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centers present a high-spin configuration. The last occup
level in the Cr2 center in 3C-SiC @Fig. 5~c!# has an anti-
bonding character and is represented by an energy level
a1 representation. Thata1 level came from the splitting of
the t2 level when the symmetry of the center was lower
from Td to C3v , resulting in a high-spin configuration. Th
same is observed for Cr2 center in 2H-SiC, but the levels
with an antibonding character have a high 3d electronic con-
centration inside the Cr sphere. For the Cr22 in 3C-SiC @Fig.
5~d!#, the center is in aTd symmetry with a closed shel
configuration (e4 state!. On the other hand, the Cr22 center
in 2H-SiC has a high-spin configuration. I
this last case, our calculations showed that distortions w
negligible.
nal

rs in
FIG. 4. Kohn-Sham energy eigenvalues representing the 3d-related impurity levels in the band gap region for the neutral substitutio
Ti, V, and Cr, in the Si site, in 3C-SiC, ~a!–~c!, and 2H-SiC, ~d!–~f!. The valence-band top of 3C and 2H were aligned. Filled circles
indicate the number of electrons in the highest occupied gap level, the↑ and↓ arrows represent the up and down spins, and the numbe
parenthesis give thed-character percentage of charge~inside the TM spheres with atomic sphere radius of 0.79 Å! in thee energy level. VB
and CB symbols represent the valence and conduction bands, respectively.
2-4
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TABLE II. Results for TMSi in 3C-SiC and 2H-SiC in different charge states. The table presents the symmetry, total spin S, form
energies (DEf with relation to the Ti0 center in each polytype!, transition energiesEt , and isotropic contact hyperfine termsA in 49Ti, 51V,
and 53Cr nuclei. The reference formation energies of Ti0 are 4.3 eV and 2.8 eV in 3C-SiC and 2H-SiC, respectively.«F is the Fermi energy
and 0.2<g<1. Energies and hyperfine parameters are given in eV and MHz, respectively.

3C-SiC 2H-SiC
Symmetry S DEf Et A Symmetry S DEf Et A

Ti0 Td 0 0.0 0 C3 0 0.0 0
Ti2 C3 1/2 2.72«F 2.7(0/2) 222
V1 Td 0 2.21«F 1.4(0/1) 0 C3 0 20.71«F 1.4(0/1) 0
V0 Td 1/2 3.6 163 C3 1/2 0.7 119
V2 Td 1 5.22«F 1.6(0/2) 140 C3 1 2.52«F 1.8(0/2) 111
Cr1 Td 1/2 6.720.2g1«F 0.5(0/1) 240 C3 1/2 0.220.2g1«F 0.5(0/1) 227
Cr0 Td 1 7.220.2g 236 C3 1 0.720.2g 225
Cr2 C3v 3/2 9.320.2g2«F 2.1(0/2) 228 C3 3/2 2.920.2g2«F 2.2(0/2) 222
Cr22 Td 0 11.820.2g22«F 0 C3 2 5.420.2g22«F 2.5(2/22) 220
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Electron paramagnetic resonance~EPR! measurements in
4H and 6H polytypes20,21 for V0 and V2 assign spins, re-
spectively,S51/2 and S51, and for Cr1, Cr0, and Cr2

spins, respectively,S51/2, S51, and S53/2. Our calcu-
lated spin values for TM in 3C and 2H polytypes are fully
consistent with those experimental data. On the other h
EPR measurements for the Cr22 in 6H find a spinS52.21

While our result for this center in 2H is consistent with such
data, our result in the 3C polytype gives a spinS50.

Table II also presents the transition energies for the c
ters. While acceptor transition energy levels for Ti impur
in hexagonal polytypes,«v13.13 eV in 4H ~Ref. 3! and«v
12.90 eV in 6H,22 have been observed, no Ti transitio
level has been measured in the cubic polytype.3 These results
for the acceptor transition should be compared to our va
of «v12.7 eV in 2H-SiC. However, we should compar
those transition energies with caution due to the differ
lattice structures of cubic and hexagonal SiC. While ther
only one nonequivalent Si sublattice in 2H-SiC, there are
two and three nonequivalent Si sublattices in 4H-SiC and
6H-SiC, respectively. As a result, experimentalists find m
tiple TM-related transition energies.23

We find that the vanadium center (VSi) is amphoteric in
both 3C and 2H polytypes, which is consistent with exper
15521
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mental data in several polytypes.20,24,25For the donor transi-
tion, our value of«v11.4 eV in both 3C- and 2H-SiC
should be compared to the experimental values of«v
11.7 eV in 3C-SiC and«v11.6 eV in 6H-SiC ~Ref. 20!.
For the acceptor transition, our values~Table II! should be
compared to experimental data values of«v1(2.1–2.3) eV
in 4H-SiC ~Refs. 24,25! and «v12.4 eV in 6H-SiC.25 For
the chromium center (CrSi), we find three transitions in
2H-SiC and two in 3C-SiC. The donor transition is in«v
10.5 eV in both 3C- and 2H-SiC polytypes and should b
compared to the donor transitions in 4H-SiC ~Ref. 26! in
«v10.54 eV. Here we stress that Grillenbergeret al.23 have
interpreted«v10.54 eV as coming from the double donor C
transition. This interpretation was made in order to be c
sistent with previous theoretical predictions in 3C-SiC.27

However, we believe that«v10.54 eV should be assigned t
the single-donor Cr transition~Fig. 6!. To corroborate such
assertion, by inspection of Table II, the difference betwe
the donor and the acceptor transition is 1.6 eV in 3C-SiC and
1.7 eV in 2H-SiC. The experimental difference between d
nor and acceptor transitions in 4H-SiC is 2.0 eV.23 The Cr
acceptor and double acceptor transitions are, respectivel
«v12.2 eV and at«v12.5 eV, which are consistent with
experimental findings in 4H-SiC.23,28
-
al

-

d
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e

FIG. 5. Kohn-Sham eigenval
ues representing the substitution
Cr in the Si site in 3C-SiC, ~a!–
~d!, and 2H-SiC, ~e!–~h!. Filled
circles indicate the electronic oc
cupation in the gap levels, the↑
and↓ arrows represent the up an
down spins, and the numbers i
parenthesis give thed-character
percentage of charge~inside the
TM spheres with atomic spher
radius of 0.79 Å! in the occupied
gap levels.
2-5
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Table II also presents the calculated contact hyperfine
rameters for the TMSi in 3C-SiC and 2H-SiC in several
charge states. These results on the contact hyperfine pa
eters could be compared to experimental data,20 presented in
Table III, of transition metals in 4H- and 6H-SiC. Our re-
sults are in good agreement with the experimental value

IV. SUMMARY

In summary, we performed a theoretical investigation
isolated Ti, V, and Cr impurities in hexagonal and cubic s
con carbide. We find that substitutional impurities~in the Si
sublattice! are energetically more favorable than the inters
tial ones. Our results for spin in several charge states
transition energies for substitutional TM are fully consiste
with available experimental data. The chemical trends
neutral 3d-transition metals in SiC follow the typical trend
of TM-related centers in semiconductors.29,30As the 3d level
is filled, there is a deepening of the nonbondinge state with
increasing of the impurity atomic numberZ. The exchange
splitting of thise level goes from 0.0 eV in Ti to 1.9 eV in
Cr. The t2 bonding level, which lies in the valence band,
only slightly influenced by variations ofZ. On the other
hand, thet2 antibonding level is more strongly affected byZ

FIG. 6. Calculated acceptor and donor transition energies o
V, and Cr in 3C-SiC ~a!, ~c! and 2H-SiC ~b!. The figure also pre-
sents the available experimental transition energies~Ref. 23! in 6H-
~d! and 4H-SiC ~e!. The valence-band offsets among all SiC po
types are not considered, as described in the text.

TABLE III. Experimental hyperfine terms~Ref. 20! in the 49Ti,
51V, and 53Cr nuclei in 4H- and 6H-SiC. The table presents th
values for the impurity sitting in quasicubic (ki) and hexagonal~h!
sites. Terms are presented in MHz.

4H-SiC 6H-SiC
k h k1 k2 h

49Ti2 42
51V2 176 184 180 176 180
51V0 236 236, 188 236, 199 232, 267
53Cr2 26.5, 27 27.3, 28
15521
a-
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f
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changes. On going from V to Cr, the exchange splitting
such that it drives the TM center from a low- to a high-sp
configuration, if distortions can be neglected.
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APPENDIX IMPURITY FORMATION AND TRANSITION
ENERGIES AND CHEMICAL POTENTIALS

The equilibrium concentration@X# of an X impurity in a
crystal depends upon its free energy

@X#5Nsexp$2D f G/kBT%, ~A1!

whereNs is the number of available sites, per unit volume,
the crystal where the impurity can occur,kB is the Boltzmann
constant, andT is the temperature. The free energy of form
tion (DGf) is given by

D f G5D f E2TD f S1pD fV. ~A2!

Here,D fE, D fS, andD fV are, respectively, the formatio
energy, the entropy variation, and the volume variation wh
the impurity is introduced into the system at a pressurep.
The pressure (pD fV) and entropic (TD fS) terms can gener-
ally be neglected for typical defects in solid state.31,32

The formation energy of anX impurity in the q charge
state in silicon carbide,D fE

q, is computed as

D fE
q5E~nSi ,nC,nX ,q!2nSimSi2nCmC

2nXmX1q~me1«v8!, ~A3!

whereE(nSi ,nC,nX ,q) is the total energy of a supercell ca
culation containingnSi silicon, nC carbon, andnX impurity
atoms, andq is the charge state of the defect.mSi , mC, and
mX are the chemical potentials for Si, C, andX, respectively.
The electron chemical potentialme gives the position of the
Fermi level in the band gap with relation to the valence-ba
top «v8 , and 0<me<«g . «v85«v1dq , wheredq lines up the
band structures of the bulk material with and without t
impurity, for eachq charge state. This correctiondq in the
valence-band top is necessary due to the charge-densit
homogeneity in the finite primitive cell, which causes a Co
lomb multipole interaction with its images, as discussed
Ref. 33.

The silicon and carbon chemical potentials are not in
pendent. Considering both species in thermal equilibri
with SiC, their potentials are constrained by

mSi1mC5mSiC, ~A4!

wheremSiC is the energy of a SiC pair in the crystal. Th
allowed range ofmSi and mC is determined by the heat o
formation (D fH) of SiC, which is defined as

D fH
SiC5mSiC2mSi

Bulk2mC
Bulk , ~A5!
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which should be negative for stable compounds. Here,mSi
Bulk

andmC
Bulk are the total energies per atom for Si and C crys

in the diamond structure, respectively. The calculated hea
formation for both 3C-SiC and 2H-SiC polytypes is
20.6 eV/SiC. This value is in good agreement with the e
perimental enthalpy of formation value of20.68 eV/SiC.13

Depending on the growth conditions of SiC, the Si and
chemical potentials can vary according to

mSi5mSi
Bulk1gD fH

SiC, ~A6!

mC5mC
Bulk1~12g!D fH

SiC, ~A7!

whereg is a parameter ranging from 0~Si-rich condition! to
1 ~C-rich condition!.

For the case of transition metal impurities in SiC, t
atomic chemical potentials could be determined as a func
of their maximum values in the metallic phase and tho
potentials in the TM carbides (TMmCn, with m andn defin-
ing the atomic composition of the TM carbide!:

mmTM1nmC5mTMm
Cn. ~A8!

Combining this equation, for the casem5n51, with Eqs.
~A4! and ~A6!, and treatingmSi as an independent variable
mC can be removed from Eq.~A8!. Therefore, the TM
chemical potential in SiC is given by

mTM
SiC5mTMC2mSiC1mSi5mTMC2mSiC1mSi

Bulk1gD fH
SiC.
~A9!
A.

ho

pl.
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However, Eq. ~A9! is only valid in the case tha
D fH

TMC,D fH
SiC. The calculated heat of formation of th

TM carbides in the rocksalt structure areD fH
TiC

521.8 eV, D fH
VC521.0 eV, and D fH

CrC510.2 eV.
These results should be compared to the experimental va
of D fH

TiC521.91 eV, D fH
VC520.98 eV, and D fH

CrC

510.02 eV.34

Considering those limiting conditions, in the case of a
impurity in SiC, the chemical potential should be determin
by the equilibrium with the Cr3C2 crystal. For that material
we used the experimental heat of formation,D fH

Cr3C2

520.855 eV,34 together with the energy of the calculate
elemental phase. In this case, the variation of Cr chem
potential is

mCr2mCr
Bulk5 1

3 D fH
Cr3C22 2

3 ~12g!D fH
SiC. ~A10!

Since themCr2mCr
Bulk<0 condition must be satisfied,g

can only vary in the range 0.2<g<1.
The transition energyEt of a center can be obtained from

the formation energy of the center at different charge sta
For example, for the transition energy (q11/q) we should
haveD fE

q115D fE
q, andEt is given by

Et~q11/q![«F5E~nSi ,nC,nX ,q11!2E~nSi ,nC,nX ,q!

2qdq1~q11!dq11 . ~A11!
B
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