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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 impuriti€>$iC3and
2H-SiC were compared to available experimental data.
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[. INTRODUCTION tains only one nonequivalent sublattice for either silicon or
carbon atoms.

Silicon carbide(SiC) has been potentially considered in ~ We carried our calculations using the spin-polarized full-
device technology for applications at high temperatures, higipotential linearized augmented plane-wave methodve
frequencies, and high powersSiC is a wide band-gap semi- showed that TM impurities are energetically favorable in the
conductor which has more than 200 known polytypsom  silicon substitutional sublattice rather than in the carbon sub-
all these polytypes, interest has been focused on the cubatitutional sublattice or interstitial sites in SiC. We computed
(3C) and hexagonal (4 and 6H) phases. Crystalline sili- the symmetry, spin, hyperfine parameters, and energetics of
con carbide is generally grown by the Lely technique, inthose centers in several charge statesGaS3C and 2H-SiC.
which residual impurities end up being incorporated in the
material. Transition metals, such as titanium, vanadium, and
chromium, are some of those impurities which have been
identified in the resulting silicon carbideSince transition The full-potential linearized augmented plane wéRef.
metals are known to generate electrically active centers i) is one of the most accurat initio methods, and still
semiconductors, it is important to identify the properties ofcomputationally efficient, to investigate the electronic and
those impurities in SiC. structural properties of solids and its deféttlithin such

Vanadium and chromium generate active centers in almethodology, the exchange-correlation potential was de-
SiC polytypes. On the other hand, the activity of titaniumscribed by the density-functional theryin the generalized
depends on the host polytype. Experiments indicate thagradient approximatiof: Additionally, we used the spin-
while Ti is active in H-SiC, it is inactive in L-SiC2 Al- polarized and the relativistic scheme.
though the local structure is essentially the same in either We considered a reference supercell of 54 atoms for the
hexagonal or cubic material, the electronic activity of tita- 3C-SiC crystal, in a face centered cubic Bravais lattice. The
nium should result from the differences in the materials bandiistance between an impurity and its images is 9.29 A. Since
gapeq. Deep level transient spectroscopy experiments on Tour calculations involve only deep centers, this distance is
in 4H-SIiC show that Ti introduces gap levels near theenough to avoid relevant image interactions. We should
conduction-band bottothAccording to the Langer-Heinrich stress that we also performed calculations with 32-atom su-
rule® the transition energies of a transition met&M) are  percells, which showed to be inappropriate for our investiga-
aligned with respect to a bulk reference level. The valencetion, mostly in the case of impurities sitting in interstitial
band tops for both polytypes are essentially aligned, gnd sites. For the Bi-SiC crystal, we considered a reference su-
is considerably smaller inG-SiC (2.42 eV) than in 4H-SiC  percell of 56 atoms, in a hexagonal Bravais lattice. The dis-
(3.27 e\). Therefore, the Ti-related acceptor transition en-tance between an impurity and its images is 8.19 A in basal
ergy would be pinned in the conduction band for theplane direction and 10.11 A in the normal direction.
3C-SiC, and it would be undetectable. For the bulk materials, a convergence in total energy was

To the best of our knowledge, so far there isatinitio achieved using 5.8/Rmaximum length of the plane waves
investigation on transition metals in silicon carbide in whichwhereR is the smallest radius of spheres which define the
atomic relaxations are taken into account. Here we carrietiost atoms. We useRg=1.5 a.u. andRc=1.2 a.u. In all
out an investigation on the electronic and structural properealculations involving the TM impurities, we usefy
ties of Ti, V, and Cr in cubic (8) and hexagonal (&) =1.2 a.u. Self-consistent interactions were performed until
silicon carbide. Hexagonall2 silicon carbide is the proto- convergence on both the total energy {£@&V per unit cel)
typical crystalline configuration for device applications sinceand total charge in the atomic spheres (iCelectronic
it has the largest energy band gap from all polyty@@83 charges per atophwere achieved. The atomic positions were
eV). Although growing H silicon carbide samples are still a relaxed using the damped Newton scheme until the forces
remarkable task, for our theoretical investigations it is thewere smaller than 1 mRy/a.u. The Brillouin zo(®Z) was
ideal hexagonal polytype configuration since the crystal consampled by a X2x2 grid? and a uniquek point in the

II. METHODOLOGY
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the substitutional titanium impurity in a tetrahedral symmetry. The
‘ ‘ . _ b and * symbols indicate the bonding and antibonding states, re-
FIG. 1. Schematic representation of the T-Belated impurity  gpectively.(a) 3d+ 4s titanium atomic states ifi4 crystal field,(b)

energy levels, in the band-gap region for the neutrdl, Tiig, Ti’, vacancy-related states in SiC, afwl titanium-related states in sub-
and Tf' centers around thE point. The occupation of the energy- stitutional site in -SiC.

gap levels are represented by the numbers of full circles.|Téved
| arrows represent the spin-up and spin-down levels, respectivelptional Ti are consistent with a recent theoretical
investigatiort* if atomic relaxations are not taken into ac-
center of the zone. For all the systems, we used the respecount. We should stress that relaxation plays a major role on
tive theoretical lattice parameters, as initially computed bythe final results for '@ even determining the spin ground
the same methodology and equivalent setkgjoints to  state §=0) of the center.
sample the BZ. Those approximations leadae 4.38 A The crystal-field theory could be invoked to explain the
[@expi=4.360 A (Ref. 13] in 3C-SiC anda=3.09 A and results on the substitutional titanium impurity in a tetrahedral
c=5.05 A [@gyp=3.076 A, Ceyp=5.035 A (Ref. 13] in  symmetry(Fig. 2). Although the Ti atom is isoelectronic with
2H-SIC. Si and C atoms, its electronegativity is 1(i& the Pauling
scalg, close to the value 1.8 for Si, but considerably lower
than the value of 2.5 for C. Therefore, a different behavior of
. RESULTS Ti atom could be expected if rebonding to nearest-
A. Titanium impurity in 3 C-SiC neighboring Si or C atoms. Figurél® presents a schematic
representation of the electronic structure of a vacancy in SiC.
Si vacancy presents an acceptor character so,teaergy
vel, occupied by two electrons, is near the top of the va-

Figure 1 displays the impurity-induced energy levels,
based on the Kohn-Sham eigenvalues, for the neutral isolatq

Ti impurity in 3C-SiC. Figures (8) and 1b) show, respec- |o,co hand. On the other haralC vacancy presents a donor
tively, the re;ults for thg impurity in substitutional Si f’Tl character and the energy level, occupied by two electrons,
and C (Tf) sites, and Figs. (¢) and Xd) the results for the is near the bottom of the conduction band. Therefore, when a
tetrahedral interstitial Ti impurity surrounded, respectively,Tj atom replaces a Si atom, it undergoes-d hybridization,
by four nearest-neighboring Si atoms {Jiand by four C  pinding to the four carbon atoms. The reconstruction of the
atoms (Ti?)- _ dangling bonds coming from the Si vacancy pushes the
In 3C-SiC, the Tf' center{Fig. 1(a)] introduces no energy t,-related vacancy levels down to the valence band, introduc-
levels in the band gap, showing an effective spin0 and a  ing a nonbonding orbital with as symmetry and d, anti-
T4 point symmetry. The four nearest neighbors undergo atonding level in the conduction band, as represented in Fig.
outward relaxation of only 0.1 A. The Ti-related energy lev-2(c). The introduction of the Ti impurity in the C vacancy
els are unoccupied resonant levels in the conduction bandeconstructs only slightly the dangling bonds, leaving a fully
The crystal-field splitting between theeand thet, levels is  occupiedt, vacancy-related energy level in the band gap.
0.7 eV. The T{ center is also a closed-shell syst¢fig.  This model is clearly evidenced by the contour plot of the
1(b)], being stable inT4 point symmetry, where the four total electronic charge density shown in Fig. 3 fay T
nearest-neighbor Si atoms and the 12 next-nearest-neighbogenter and(b) TisC center, in the neutral charge state. The
C atoms relax outward by 0.5 A and 0.1 A, respectively.figure shows that only the Sicenter presents large concen-
However, this center displays a fully occupiedevel in the  tration of interstitial charge between Ti and its neighbors, an
band gap. In contrast to theTicenter, the interactions be- evidence of bond reconstruction. While there is a rebonding
tween Ti and the Si nearest-neighboring atoms cause af the vacancy dangling bonds for substitutional Ti in a Si
crystal-field splitting of 1.6 eV and the vacantyrelated site[Fig. 3@)], this is not observed for a substitutional Ti in
energy level lies in the band gap. Our results for substitua C site[Fig. 3(b)].
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parameters in the Ti nucleus for substitutional and interstitial
centers in £-SiC. Using the total energies for the centers in
positive and negative charge states, we computed the respec-
tive donor and acceptor transition energies and formation
energiegas explained in the AppendixSince the Ti-related
energy levels of B center lie outside the band gap, the
acceptor transition of this center does not exist, which is
consistent with experimental measuremértswe find that

the charge state of a certain center does not alter substantially
the contact hyperfine terms. Additionally, the contact term is
negligible for substitutional titanium.

The TisSI center has the lowest formation energy, being the
preferential configuration in SiC. Formation energies for
other Ti centers are at least 6.1 eV higher than the one of this
configuration. It is energetically favorable for titanium to
stay in sites with carbon atoms as first neighbors in all
charged states. Therefore, in the following sections we focus
our investigation only on the properties of Ti, V, and Cr
sitting in the Si sublattice (Th) in both 3C-SiC and
2H-SiC materials.

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

Figure 4 displays the energy eigenvalues representing the
3d-related impurity levels in the band-gap region for the
neutral substitutional Ti, V, and Cr inGSiC and H-SiC.

In 3C-SiC, the 3-related energy levels are split into &n
plus at, representation, while in 2-SiC, due to theC;
symmetry, thet, representation splits further into anplus
ana level. In the figure, the top of the valence bands @ 3
(b) and H polytypes were aligned, without any valence-band
offset. This was justified by theoretical investigations which

FIG. 3. Contour plot of the total electronic charge density in thecOmputed a small valence-band offset betweét- Znd
[110] plane for(a) Ti and (b) TiC in the neutral charge state. The 3C-SiC (0.13 eV},*® and also by experimental data in which
line separation is 0.1 e/& a small valence-band offset was found betweéh- 4and

, 6H-SiC (0.17 eVW).*°

The T¢' center(interstitial Ti impurity surrounded by four By comparing the Ti-related levels inCG3[Fig. 4@)] and
nearest-neighboring Si atojngresents a low-spin configura- 2H-SiC[Fig. 4(d)], we find that the nonbonding energy level
tion, with an effective spirS=1 and aC,, point symmetry, with ane representation lies essentially at the same position
with the energy levels presented in Fig(cll The four  with relation toe,. This unoccupied level lies inside the
nearest-neighboring Si atoms relax outward by about 12%band gap in the B polytype, and has a higher character
Relevant relaxation was also observed on the fourth nearesishen compared to the respective level in the Bolytype.
neighboring C atomsby about 5%, which are those atoms This center in M-SiC has aC; point symmetry, with the

bounded to the impurity first neighbors. four nearest neighbors undergoing an outward relaxation of
The T|iC center presents a low-spin configuration with anabout 6%.
effective spinS=1 in a C;, point symmetry[Fig. 1(d)]. The figure also presents thel3elated energy levels for

Relaxation takes place with the Ti impurity moving toward neutral substitutional V and Cr inGBand 2H polytypes. In
one of the C first neighbors by 0.11 A, pulling this C atom toboth polytypes the V impurity introduces a partially occupied
relax away in the same direction by 0.07 A. The other threee, level in the center of the gdfFrigs. 4b) and 4e)]. The Cr
first neighbors also relax away from the Ti impurity by 0.12 impurity introduces a fully occupiee; level in the lower
A. In this case, the distortion, lowering the symmetry of thehalf of the gapFigs. 4c) and 4f)]. The energy-level order-
center fromT4 to Cs,, is important to determine the effec- ing shows that the V center presents a low-spin configuration
tive spin of the center. In th&; symmetry, the center pre- (S=1/2) while the Cr center presents a high spin configura-
sents a high-spin configuratiors€ 2), but in theC;, the  tion (S=1). As a result of the electronic configuration for V,
spin isS=1. This result contrasts with theisl'benter, which an 2E ground state can be assigned to the center, which
presents a low-spin configuration in either symmetry. should lead to a symmetry lowering. However, our calcula-
Table | summarizes the results for the Ti impurities intions showed that distortions are very small, and the center
3C-SiC. The table presents the symmetry, total spin, formaremains essentially in &; symmetry. In terms of the struc-
tion energies®!® transition energies, and contact hyperfinetural relaxation, we find that for the V and Cr centers, the
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TABLE I. Results for substitutional and interstitial titanium iI€3SiC. The table presents the symmetry,
total spin S, formation energieSE;, transition energie&, with relation to the valence-band te,, and
isotropic contact hyperfine terfin the “°Ti nucleus. Energies and hyperfine parameters are given in eV and
MHz, respectively. The theoretical approximations and numerical truncations lead to an estimated error of
~0.2 eV in the calculated transition energies antl MHz in the hyperfine terms:.¢ is the Fermi energy and
O<y=<1, wherey=0 and y=1 describe the silicon and carbon rich environments, respectively. All the
formation energies are presented with relation to thé')(el'benter, which is 4.3 eV.

Symmetry S AE; E, A
(Tig)° Ty 0 0.0 0
(Tig)* Cy, 1/2 6.1+ 1.2y+er 1.1(0H) -1
(TiS)° Ty 0 7.2+1.2y 0
(Tig)~ Dag 1/2 9.2+ 1.2y—e; 2.0(0~) 1
(TiP)* T 312 6.1+ 0.6y+ ¢ 2.0(0H) -16
(Tiisf)o Coy 1 8.1+ 0.6y —15
(Tidh~ Cy, 1/2 10.2+0.6y—&f 2.1(0~) -16
(Tii)+ Cs, 312 4.3+0.6y+er 1.8(0H) -8
(TiH)° Ca, 1 6.1+ 0.6y -9
(Ti)~ Cap 1/2 8.0+ 0.6y— e 1.9(0~) -9

four nearest neighbors undergo outward relaxation of aboutenters present a high-spin configuration. The last occupied
3% in both 3 and 2H polytypes. level in the Cr center in X-SiC [Fig. 5(c)] has an anti-
Table Il summarizes the symmetry, total spin, formationbonding character and is represented by an energy level with
energies, transition energies, and contact hyperfine parana, representation. Thai, level came from the splitting of
eters for TM;; in 3C-SiC and H-SiC in several charge thet, level when the symmetry of the center was lowered
states. From the fito the CP impurities in 3C-SiC, the  from T4 to Cs,, resulting in a high-spin configuration. The
crystal symmetry is kedtT 4], while for Cr there is a sym- same is observed for Crcenter in H-SiC, but the levels
metry lowering toCs, . To understand such a behavior, Fig. with an antibonding character have a higth @ectronic con-
5 presents the energy eigenvalues for the Cr center in severeéntration inside the Cr sphere. For thé Cm 3C-SiC[Fig.
charge states. For the Cand CF centers in both polytypes, 5(d)], the center is in aly symmetry with a closed shell
the last occupied level has a nonbonding-character ¢  configuration €* statg. On the other hand, the €r center
state with a high 3 electronic concentration inside the Cr in  2H-SiIC has a high-spin  configuration. In
sphere. However, the energy-level ordering is such that thehis last case, our calculations showed that distortions were
Cr' centers present a low-spin configuration, while thé Cr negligible.
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FIG. 4. Kohn-Sham energy eigenvalues representing theetated impurity levels in the band gap region for the neutral substitutional
Ti, V, and Cr, in the Si site, in @-SiC, (a)—(c), and H-SiC, (d)—(f). The valence-band top ofGand 2H were aligned. Filled circles
indicate the number of electrons in the highest occupied gap level, #mel | arrows represent the up and down spins, and the numbers in
parenthesis give theé-character percentage of chareside the TM spheres with atomic sphere radius of 0.7&&he e energy level. VB
and CB symbols represent the valence and conduction bands, respectively.
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TABLE II. Results for TMg; in 3C-SiC and H-SiC in different charge states. The table presents the symmetry, total spin S, formation
energies AE; with relation to the T center in each polytypetransition energiek,, and isotropic contact hyperfine teriasn “°Ti, 5V,
and 5°Cr nuclei. The reference formation energies df diie 4.3 eV and 2.8 eV inG-SiC and H-SiC, respectivelye ¢ is the Fermi energy
and 0.2 y=<1. Energies and hyperfine parameters are given in eV and MHz, respectively.

3C-SiC 2H-SiC

Symmetry S AE; E, A Symmetry S AE; E, A
Ti° Ty 0 0.0 0 Csg 0 0.0 0
Ti™ Cs 1/2 2.7-¢f 2.7(0F) -22
VT Tq 0 2.2+ e 1.4(0K) 0 Cs 0 —0.7+e& 1.4(0K) 0
VO Tq 1/2 3.6 163 C, 1/2 0.7 119
V- Tq 1 5.2- ¢ 1.6(0~) 140 Cs 1 2.5-g¢ 1.8(0F) 111
crt Tq 1/2 6.7-0.2y+¢f 0.5(0H) —40 Cs 12 0.2-02y+eg 0.5(0H) -27
cr Tq 1 7.2-0.2y —-36 Cs 1 0.7-0.2y —-25
Cr- Cs, 3/2 9.3-0.2y—¢f 2.1(0~) —28 Cs 32  2.9-0.2y—s¢ 2.2(0F) -22
cr- Ty 0  11.8-0.2y—2ef 0 Cs 2  54-02y—2s 25(-/-2) -—20

Electron paramagnetic resonarl@&PR measurements in
4H and &+ polytypeg®?!for V° and V-~ assign spins, re-
spectively,S=1/2 andS=1, and for Cf, Ci°, and Cr
spins, respectivelys=1/2, S=1, and S=3/2. Our calcu-
lated spin values for TM in @ and 2H polytypes are fully

mental data in several polytyp&%?*2>For the donor transi-
tion, our value ofe,+1.4 eV in both - and H-SiC
should be compared to the experimental values eQf
+1.7 eV in L-SiC ande,+1.6 eV in 8H-SiC (Ref. 20.
For the acceptor transition, our valu€Rable Il) should be

consistent with those experimental data. On the other handompared to experimental data valuessgf- (2.1-2.3) eV

EPR measurements for theCrin 6H find a spinS=2.%

in 4H-SiC (Refs. 24,25 and &, +2.4 eV in 6H-SiC2® For

While our result for this center ink2 is consistent with such the chromium center (G), we find three transitions in
2H-SiC and two in E-SiC. The donor transition is is,

data, our result in the @ polytype gives a spits=0.

Table Il also presents the transition energies for the cen+0.5 eV in both - and 2H-SiC polytypes and should be
ters. While acceptor transition energy levels for Ti impurity compared to the donor transitions iH4SiC (Ref. 26 in

in hexagonal polytypes;,+3.13 eV in H (Ref. 3 ande,

e,+0.54 eV. Here we stress that Grillenbergeral 2 have

+2.90 eV in &H,% have been observed, no Ti transition interpretedt,+0.54 eV as coming from the double donor Cr
level has been measured in the cubic polytyp@ese results transition. This interpretation was made in order to be con-
for the acceptor transition should be compared to our valusistent with previous theoretical predictions irC-&iC2’

of £,+2.7 eV in 2H-SiC. However, we should compare However, we believe that,+0.54 eV should be assigned to
those transition energies with caution due to the differenthe single-donor Cr transitiofFig. 6). To corroborate such
lattice structures of cubic and hexagonal SiC. While there imssertion, by inspection of Table I, the difference between

only one nonequivalent Si sublattice irH2SiC, there are
two and three nonequivalent Si sublattices iH-&iC and

the donor and the acceptor transition is 1.6 eV@+SiC and
1.7 eV in 2H-SiC. The experimental difference between do-

6H-SiC, respectively. As a result, experimentalists find mul-nor and acceptor transitions irtH4SiC is 2.0 e\?® The Cr

tiple TM-related transition energiés.

We find that the vanadium center &Y is amphoteric in
both 3C and 2H polytypes, which is consistent with experi- experimental findings in ¥-SiC 228

acceptor and double acceptor transitions are, respectively, at

e,+2.2 eV and ate,+2.5 eV, which are consistent with

FIG. 5. Kohn-Sham eigenval-
ues representing the substitutional
Cr in the Si site in &-SiC, (a)—

(d), and H-SiC, (e)—(h). Filled
circles indicate the electronic oc-
cupation in the gap levels, the
and | arrows represent the up and
down spins, and the numbers in
parenthesis give thal-character
percentage of chargénside the
TM spheres with atomic sphere

3C-SiC 2H-SiC
crt crl & o>
31:— .....
CB Cymm——
Ty
tz:_......,.— ot == 29
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€y —
35
33 et —&J—f
GO _ . 3
VB
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eI S 2CSic —— JLSIC changes. On going from V to Cr, the exchange splitting is
™, T™q, ™ such that it drives the TM center from a low- to a high-spin
= configuration, if distortions can be neglected.
Ti (0/-) on. Cr(-/-2)
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Cr (0/+) Cr (0/+) M
APPENDIX IMPURITY FORMATION AND TRANSITION
ENERGIES AND CHEMICAL POTENTIALS
(a) (b) (©) (d) (e) The equilibrium concentratiopX] of an X impurity in a

crystal depends upon its free energy

FIG. 6. Calculated acceptor and donor transition energies of Ti,
V, and Cr in X-SiC (a), (c) Fe)md 2H-SiC (b). The figure als% pre- [X]=Nsexp{—A;G/kgT}, (A1)
sents the available experimental transition ener@Res. 23 in 6H-  whereN, is the number of available sites, per unit volume, in
(d) and 4H-SiC (g). The valence-band offsets among all SiC poly- the crystal where the impurity can occlag is the Boltzmann
types are not considered, as described in the text. constant, and is the temperature. The free energy of forma-

tion (AGy) is given by

Table Il also presents the calculated contact hyperfine pa-
rameters for the TM in 3C-SiC and H-SiC in several
charge states. These results on the contact hyperfine param-
eters could be compared to experimental d3fresented in Here,A(E, AsS, andA¢V are, respectively, the formation
Table Ill, of transition metals in K- and 84-SiC. Our re-  €nergy, the entropy variation, and the volume variation when

sults are in good agreement with the experimental values. the impurity is introduced into the system at a pressure
The pressureA;V) and entropic TA:S) terms can gener-

ally be neglected for typical defects in solid st&té?
The formation energy of aX impurity in the q charge

In summary, we performed a theoretical investigation ofState in silicon carbided(E®, is computed as
isolated Ti, V, and Cr impurities in hexagonal and cubic sili- AEI=E(ne e
con carbide. We find that substitutional impuriti@s the Si B =E(siNc,Nx,q) ~ Nsiksi— Nepe
sublattice are energetically more favorable than the intersti- —Nyuxt+ (et el),
tial ones. Our results for spin in several charge states and
transition energies for substitutional TM are fully consistentwhereE(ng;,nc,nx ,q) is the total energy of a supercell cal-
with available experimental data. The chemical trends ofulation containingng; silicon, nc carbon, andy impurity
neutral 3i-transition metals in SiC follow the typical trends atoms, andy is the charge state of the defepts;, uc, and
of TM-related centers in semiconductéfs°As the I level ~ ux are the chemical potentials for Si, C, aXdrespectively.
is filled, there is a deepening of the nonbondistate with ~ The electron chemical potential, gives the position of the
increasing of the impurity atomic numb& The exchange Fermi level in the band gap with relation to the valence-band
splitting of thise level goes from 0.0 eV in Tito 1.9 eV in tope,, and O<pu.<s&4. £,=¢,+ &,, Whered, lines up the
Cr. Thet, bonding level, which lies in the valence band, is band structures of the bulk material with and without the
only slightly influenced by variations oZ. On the other impurity, for eachq charge state. This correctiaf, in the
hand, thet, antibonding level is more strongly affected By valence-band top is necessary due to the charge-density in-
homogeneity in the finite primitive cell, which causes a Cou-
lomb multipole interaction with its images, as discussed in
Ref. 33.

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

AfG:AfE_TAf S+ pAfV (AZ)

IV. SUMMARY

(A3)

TABLE lIl. Experimental hyperfine termgRef. 20 in the *°Ti,
51y, and 55Cr nuclei in 4H- and 6H-SiC. The table presents the
values for the impurity sitting in quasicubi&;j and hexagonalh)
sites. Terms are presented in MHz.

4H-SiC 6H-SIiC
k h Ky K, h Msit mc= Msic, (A4)
49T~ 42 where ugic is the energy of a SiC pair in the crystal. The
51/ - 176 184 180 176 180 allowed range ofug; and uc is determined by the heat of
51,/0 236 236,188 236,199 232,267 formation (A¢H) of SiC, which is defined as
Scr 26.5, 27 27.3, 28 ,
AfH SiC_ Msic— Mgiulk_ /—L(B:ulk’ (A5)

155212-6



STRUCTURAL AND ELECTRONIC PROPERTIES OF® .. PHYSICAL REVIEW B 69, 155212 (2004

which should be negative for stable compounds. Hﬁ%‘lk However, Eq.(A9) is only valid in the case that

and2"% are the total energies per atom for Si and C crystalddH ™ <AHSC. The calculated heat of formation of the

in the diamond structure, respectively. The calculated heat ofM  carbides in the rocksalt structure areH™

formation for both T-SiC and H-SiC polytypes is =—1.8eV, AHY =-10eV, and AH“=+0.2eV.

—0.6 eV/SiC. This value is in good agreement with the ex-These results should be compared to the experimental values

perimental enthalpy of formation value ef0.68 eV/SiC®  of AHTC=-1.91eV, AHY*=-0.98 eV, and AHC
Depending on the growth conditions of SiC, the Si and C= +0.02 eV

chemical potentials can vary according to Considering those limiting conditions, in the case of a Cr
. impurity in SiC, the chemical potential should be determined
psi= e+ yAHSC, (A6) by the equilibrium with the GIC, crystal. For that material,
Sl _ we used the experimental heat of formatiofiH "2
pe=pe "+ (1= y) AHSE, (A7)  =-0.855 eV3* together with the energy of the calculated

wherey is a parameter ranging from(Si-rich condition to elemental phase. In this case, the variation of Cr chemical
1 (C-rich conditior). potential is

For the case of transition metal impurities in SIiC, the
atomic chemical potentials could be determined as a function
of their maximum values in the metallic phase and those
potentials in the TM carbides (TNC,,, with m andn defin-

per ke = FAHTIZ= (1= ) AHSC (A10)

ing the atomic composition of the TM carbide Since theuc,— u2 <0 condition must be satisfiedy
_ c A8 can only vary in the range 02y=<1.
M prmtNpe=pmrm, bn- (A8) The transition energ§, of a center can be obtained from

the formation energy of the center at different charge states.

Combining this equation, for the case=n=1, with Egs. For example, for the transition ener 1/q) we should
(A4) and (A6), and treatingus; as an independent variable, haveAqu-Elz’Aqu’ andE, is given b%?{ @

mc can be removed from Eq(A8). Therefore, the TM
chemical potential in SiC is given by

i i E«(q+1/q)=eg=E(ngj,nc,nx,q+ 1) —E(ngj,nc,Nx ,q)
MIN= Mrme— sict si= mrmc— Msict mar <+ yAHSC, I I

(A9) —Qdq+(q+1)dgs1- (A11)
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