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We carried a theoretical investigation on the electronic and structural properties of titanium impurities in sil-
icon, diamond, and silicon carbide. The calculations were performed using the spin-polarized full-potential
linearized augmented plane wave method in the supercell approach. The atomic configurations and transition
and formation energies of isolated Ti impurities were computed.

1 Introduction mond. We computed the Ti-related acceptor transition ener-
gies in all those materials, and using the model by Langer

Since transition metal impurities affect the electronic and @nd Heinrich [2], we determined the valence band offset
optical properties of semiconductors [1], it is important to @Mong Si, SiC, and diamond.

understand the role of such unavoidable impurities on those

properties. At the same time, transition metals in semicon- _
ductors can be used in other unusual situations. The energ)? The FP-LAPW method

lri\g:::crte tlstzggﬁ gt?]lsr'tf'grt?ee;%gp;rrgﬁs;ﬁggggi? s\i\gtmhi The calculations were performed within the framework of
. X ‘the density functional theory [7, 8], using the total ener
conducting compounds [2]. Therefore, this defect-related y y 17, 8 g gy

: . ull-potential linearized augmented plane wave (FP-LAPW
level could be used as a reference to determine an |mp0rtan£n b 9 P ( )

i conductors: th I band offset in th ethod, implemented in the WIEN97 package [9], com-
property in semiconductors. the valence band ofiset N e, oy yith the exchange-correlation potential of Perdew-
interface between two compounds [3].

Burke-Ernzerhof [10]. We considered reference supercells
Titanium, vanadium and chromium are native impurities of 54 atoms for the cubic crystals and of 56 atoms for the
which are incorporated during growth of several type-1V and hexagonal (2H-SiC) crystal. For the bulk SiC, a conver-
type IV-IV semiconductors [4, 5]. The properties of the ti- gence in total energy was achieved using 5.8/R (maximum
tanium impurity in those materials are also interesting from |ength of the plane-waves), where R is the smallest radius

a fundamental point of view, since it has a’a8¢# atomic of spheres which defines the host atoms. We usgd=R
configuration, being isoelectronic with the host atoms. In 15 a.u. and B = 1.2 a.u. For bulk Si, the convergence

the specific case of silicon carbide, experimental data indi- criteria was 6.0/R, with R = 1.8 a.u., and for diamond, it
cates that titanium is stable in a silicon site [6], and while it \yas 7.0/R, with R = 1.2 a.u. For simulations involving
iS electl’ica”y aCtiVe in 4H'S|C, |t iS inactive in 3C'S|C [4] titanium impuritiesl R‘i — 1.2 a.u. was used.
Although the nearest-neighbor local structure for a substi-  The full Brillouin zone (BZ) was sampled by & grid
tutional Ti impurity is essentially the same in either hexag- of k-points [11], which reduces to 16-points in the irre-
onal or cubic material, such distinction in the electrical ac- qucible BZ (IBZ) in the primitive cell. Self-consistent in-
tivity behavior has been associated with the large differenceteractions were performed until convergence on both the to-
in the materials bandgapy) for the polytypes4, ranging  ta| energy (0~ eV per unit cell) and total charge in the
from 2.42 eV for the 3C-SiC to 3.33 eV for the 2H-SIC). atomic spheres1(—> electronic charges per atom) were
Deep level transient spectroscopy (DLTS) experiments onachjeved. Total energy minimizations, with respect to vari-
Tiin 4H-SIiC show that Ti introduces gap levels near the ations in the lattice parameters, lead to valuesaof=
bottom of the conduction band [5]. Sinegis considerably 4 35 A (Gcapr = 4.360 A [12]) in 3C-SiC,a = 3.09 A and
smaller in 3C-SiC than in 4H-SiC, the Ti-related energy lev- . — 505 A (Geapr = 3.076 A and cey,, = 5.035 A [12])
els would be pinned in the conduction band for the 3C-SiC, iy 2H-SiC, 4 = 5.46 A (Geapt = 5.431 A [12]) in silicon,
and therefore they would be undetectable. anda = 3.57 A (aeapr = 3.567 A [12]) in diamond.

Here, we have carried a theoretical investigation on the  For the supercell calculations, the BZ was sampled by a
electronic and the atomic structure, the spin state, and the2 x 2 x 2 grid [11], corresponding to a unique point to in-
stability of Ti impurities in silicon carbide, silicon, and dia- tegrate the IBZ. For such calculations, the convergence cri-
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teria for total energy and electronic charge were the same ass=0 in a T point symmetry (fig. 1e) and the four nearest-

described earlier [13, 14, 15]. The atomic positions were re-
laxed until the forces were smaller than 1mRy/a.u. Here, we
investigated only substitutional Ti, since it has been recently
shown by total energy calculations that the interstitial Ti is
considerably less stable than the substitutional one in silicon
carbide [13, 14].

3 Substitutional Ti in SiC, Si, and di-
amond

Figure 1 displays the impurity induced energy levels, based
on the Kohn-Sham eigenvalues, for the neutral substitutional
Ti impurity in Si, in diamond, in 3C- and 2H-SiC at tlie
point. In the T crystal field, the Ti 3d-derived states split
into two energy levels withhtand e symmetries.

In silicon, the T} impurity (fig. 1a) introduces a fully-
occupied 4 level in the valence band and an unoccupied

e level in the bandgap. The center presents an effective

spin S=0, and has a4Ipoint symmetry. This result is fully
consistent with a previous theoretical investigation [16], al-
though such investigation did not take atomic relaxations
into account. Here, the four nearest-neighboring atoms un-
dergo an outward relaxation of 6.0 % (with respect to the
crystalline interatomic distance).

In 3C-SiC, the T§! center (substitutional Tiin the Si site)
introduces no energy levels in the band gap (fig. 1b). The
center also shows an effective spin S=0 and @dint sym-
metry. The four nearest-neighbors undergo an outward re-

neighboring carbon atoms relax outward by 19 %. The im-
purity introduces a fully occupied energy level and a pair
of unoccupied levels (e plus)tin the gap. The results for
this center are similar to those of the’Téenter in 3C-SiC.
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Figure 1. The Kohn-Sham energy eigenvalues representing the 3d-
related impurity levels of substitutional Ti for the neutral charge
state: (a) Si:Ti, (b) 3C-SiC:¥i, (c) 2H-SiC: T, (d) 3C-SiC:TF,

and (e) C:Ti centers. The top of the valence bang) @nd the
bottom of the conduction band {JFwere adjusted according to the
Langer-Heinrich rule [2], as explained in the text.

To analyse the stability of each center, we computed the
defect formation energies. For those calculations, we used

laxation of 6.6 %. The Ti-related energy levels are unoc- the chemical potentials of silicon, diamond, Ti (hcp struc-
cupied resonant levels in the conduction band, where the gure), SiC, and TiC (sodium-chloride structure) crystals. In

level lies below the4level. Therefore, when a Ti atom re-
places a Si atom, it undergoes a p-d hybridization, binding
to the four nearest-neighboring carbon atoms. The Ti im-
purity reconstructs the Si vacancy dangling bonds, affecting
only slightly the crystalline band structure. Since the Ti-
related energy levels of i center lie outside the bandgap,
we could not compute the transition energies of this center.
This center is very similar to the substitutional Ti impurity
in silicon.

3C-SiC, the formation energy of the Ticenter is 7.2 eV
and 8.3 eV higher than theficenter for Si-rich and C-rich
conditions, respectively. This shows that it is energetically
favorable for titanium to occupy the Si site. This gives a rea-
sonable explanation why experiments have only identified
the Ti impurity occupying the silicon site in silicon carbide
[4, 6].

In Si, we found that the Ti impurity is more stable in
an interstitial site than replacing a Si atom, in agreement

. N ' . with experimental evidences [16]. However, we computed
In 2H-SiC, the T§ center (fig. 1c) shows an effective the electronic structure of the substitutional Ti to calculate

spin S=0 and rglaxaﬂon only in the breathing mOF’e- The the acceptor transition energy in order to use the model by
four nearest-neighbors undergo an outward relaxation °f7'0Langer and Heinrich [2], and determine the valence band

%. Although this center resembles the one presented in fig. set among Si, SiC, and diamond. In diamond, on the

1b, here the Ti-related energy levels lie inside the gap, in gther hand, it is energetically favorable for Ti to occupy a

contrast to that in 3C-SiC. o N lattice site than an interstitial one, being fully justified our
In the 3C-SiC, the Ti center (substitutional Ti impu- approach.

rity in the C site) has an effective spin S=0 in @ point By computing the acceptor transition (0/-) energies of a
symmetry (fig. 1d). The four nearest-neighboring Si atoms g pstitutional titanium impurity (in SiC, Si, and diamond),
relax outward by 23 %. The impurity introduces a fully oc- e could extract the valence band offsets. These offsets are
cupied ¢ energy level in the band gap and an unoccupied e presented in figure 1. We find transition energies, above the
level near the bottom of the conduction band. In this defect, top of the valence band, of 0.5 eV in silicon, 2.7 eV in 2H-
binding between Ti and its Si neighbors is very weak, con- SiC, 2.0 in 3C-SiC (T%), and 3.2 eV in diamond. Using
siderably different from all the previous cases. Here, the C the model by Langer and Heinrich [2], we predict a valence
vacancy dangling-bonds essentially are not reconstructed. band offset of 2.2 eV between Si and SiC, 1.2 eV between
Finally in diamond, the Ticenter has an effective spin diamond and SiC, and 3.4 eV between silicon and diamond.
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