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Electrical properties of the titanium acceptor in silicon carbide
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The transition-metal titanium~Ti! as an extrinsic impurity in the wide-band-gap semiconductor silicon
carbide~SiC! is studied, applying deep-level transient spectroscopy on Ti1-implanted 4H and 6H SiC epitax-
ial layers. Two Ti centers with energy positionsEC2~11768! meV andEC2~160610! meV, respectively, are
observed in the 4H polytype. These levels are assigned to the ionized Ti acceptor Ti31(3d1) residing at
hexagonal and cubic Si lattice sites. For the 6H SiC polytype, the Ti acceptor levels are assumed to be resonant
in the conduction band.@S0163-1829~97!06320-0#
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I. INTRODUCTION

The wide-band-gap semiconductor silicon carbide~SiC! is
considered to replace silicon~Si! in the field of high-
temperature, high-frequency, and high-power devices. W
respect to these applications, the use of Si is limited du
its physical properties, which are summarized in ‘‘figures
merit’’ ~see, e.g., Refs. 1–4!. One of the most striking fea
tures of SiC is the existence of many stable modificatio
so-called polytypes, differing only in the stacking sequen
of periodic Si-C double layers along thec axis. The various
polytypes have different indirect band-gap energies rang
from 2.3 eV for 3C to 3.35 eV for 2H SiC at room tempera
ture. The most relevant polytypes with respect to device
plications are 4H and 6H SiC with band-gap energies a
room temperature of 3.28 and 3.08 eV, respectively. D
pending on the particular polytype, several inequivalent
tice sites can be distinguished, e.g., one cubic (k) and one
hexagonal (h) in 4H and two cubic (k1 ,k2) and one hex-
agonal (h) in 6H SiC.

Epitaxial layers, which are grown by the chemical vap
deposition~CVD! technique,5,6 are used for the fabrication o
electronic devices. The graphite parts employed in s
growth facilities contain a considerable amount of transitio
metal impurities, e.g., titanium~Ti!, which may lead to a
degradation of electronic devices.

Ti is incorporated into the SiC lattice either substitutio
ally as an isolated atom, or it tends to form TiN pairs;7,8

although there were copious amounts of nitrogen in our
samples, TiN pairs, which have a ground level of about 6
meV below the conduction-band edge in 6H SiC,8 were not
observed in the studies of this paper. Optically detected m
netic resonance~ODMR! investigations established that T
substitutes for Si at the differing inequivalent lattice site
and forms an isoelectronic center@Ti41(3d0)#.9 Patrick and
Choyke ~see Ref. 10 and references therein! performed de-
tailed low-temperature photoluminescence investigations
isoelectronic Ti centers in different SiC polytype
(4H, 6H, 8H, 15R, 21R, 33R, and 3C). The authors pro-
posed that the observed photoluminescence~PL! is caused
550163-1829/97/55~20!/13618~7!/$10.00
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by the radiative recombination of an exciton bound to the
center.

The isoelectronic Ti center is found to act as an accep
with a stable ionized state according to Ti31(3d1)/
Ti41(3d0)[A2/A0. The excited stateA2 provides a spin
which is equal to12; this state could be detected inn-type
4H SiC with the electron-spin-resonance~ESR! technique;
however, it was not detectable inn-type 6H SiC.8 Although
nothing was known about the energy position of t
A2center, it was speculated that theA2 state lies resonant in
the conduction band of the 6H polytype.8

It is, therefore, the aim of this paper to determine expe
mentally the ground-state levels of the ionized Ti accep
For that reason,n-type 4H and 6H SiC CVD-grown epitax-
ial layers were implanted with Ti and analyzed by deep-le
transient spectroscopy~DLTS!. For comparison, an implan
tation with a corresponding vanadium~V! profile was carried
out to distinguish between implantation-induced and
related defect centers, because Ti and V are of sim
masses and, therefore, should yield a comparable dam
profile. Two Ti-related centers are observed in the DL
spectra ofn-type 4H SiC samples; they are attributed
ionized Ti acceptors residing at hexagonal and cubic Si
tice sites in agreement with ESR~Ref. 8! and ODMR~Ref.
9! results given in the literature. We could not detect a
corresponding ground levels in the 6H polytype. Based on
our DLTS studies and on published ESR~Ref. 8! and PL
~Ref. 10! data, the appearance of ground levels of the ioniz
Ti acceptor in the band gap of different SiC polytypes a
the binding energy of an exciton bound to the Ti acceptor
discussed.

II. EXPERIMENT

The 4H and 6H SiC epilayers used for these investig
tions were simultaneously grown by CVD in a silan
(SiH4) –propane (C3H8)–hydrogen (H2) system onn-type
4H and 6H SiC $0001% substrates, respectively.5 The growth
temperature was 1620 °C, and the C/Si ratio in the sou
gas flow was equal to 1.5. For capacitance-volta
(C-V)and DLTS measurements, we prepared nickel~Ni!
13 618 © 1997 The American Physical Society



55 13 619ELECTRICAL PROPERTIES OF THE TITANIUM . . .
TABLE I. Implantation parameters used for the two sets of Ti1 implantation and the one set of V1

implantation.E is equal to acceleration andF is equal to fluence.

Ti1 implantation No. 1 Ti1 implantation No. 2 V1 implantation

1 E51.9 MeV E51.9 MeV E51.9 MeV
F51.431011 cm22 F56.831011 cm22 F51.431011 cm22

2 E51.3 MeV E51.3 MeV E51.3 MeV
F51.031011 cm22 F55.231011 cm22 F51.031011 cm22

3 E5800 keV E5800 keV E5800 keV
F58.831010 cm22 F54.431011 cm22 F58.831010 cm22

4 E5450 keV E5450 keV E5450 keV
F56.831010 cm22 F53.431011 cm22 F56.831010 cm22

F integral 431011 cm22 231012 cm22 431011 cm22

Mean concentration of
implanted ion species

431015 cm23 231016 cm23 431015 cm23
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Schottky contacts with a diameter of 0.7 mm on top of t
epilayers using an electron-beam evaporation system. La
area Ohmic contacts were fabricated on the backside of
substrates by evaporating Ni.C-V measurements revealed
net donor concentrationND2NA of the as-grown epilayers
of about (123)31016 cm23. Selected 4H and 6H SiC epi-
ilayers were implanted with Ti. In order to achieve a recta
gular profile to a depth of 1.2mm, we conducted a fourfold
implantation with an integral fluence of 431011 cm22 ~im-
plantation No. 1! and 231012 cm22~implantation No. 2!, re-
spectively ~for parameters of the individual Ti1 implanta-
tions, see Table I!. An identical V profile with an integral
fluence of 431011 cm22was implanted for comparison~see
Table I!. Subsequent to the implantation the epilayers w
annealed at 1700 °C for 30 min to reduce the implantat
damage and to electrically activate the implanted ion spec
The anneals were performed in a furnace with a closed
crucible under argon atmosphere to avoid thermal decom
sition of the sample surfaces. A fast computer-control
DLTS system11 was used to carry out DLTS measureme
in a temperature range from 30 to 300 K with a reverse b
of 24 V, a filling pulse bias of20.5 V, and a filling pulse
width of 20 ms.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 depicts normalized DLTS spectra@C(t2)
2C(t1)#/(xr2xp) (xr is the space-charge width at reverse b
Vr , xpis the space-charge width at filling pulse biasVp , and
the time windowt151 ms/t252 ms! taken on the as-grown
the Ti1-implanted ~implantation No. 1!, and the
V1-implanted 4H SiC epilayers. Seven pronounced pea
can be observed in the DLTS spectrum of t
Ti1-implanted sample~solid curve! within a temperature
range from 30 to 240 K. The four peaks termedID 1 to
ID 4 appear in the DLTS spectrum of the Ti1 as well as of
the V1-implanted samples; they can consequently not be
lated to Ti. These peaks are assigned to implantation-indu
intrinsic defect centers. The ground level of the vanadi
acceptor appears atT'520 K ~atT'400 K in 6H SiC! with
an ionization energy which agrees well with resistivity a
DLTS measurements reported in Ref. 12; this high
temperature part of the DLTS spectrum, however, is cut
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in Fig. 1, because the emphasis of this paper is focused o
levels which appear in the depicted temperature range.
peak labeled N(k) in Fig. 1 is due to the nitrogen~N! donor
residing at cubic carbon lattice sites. This assignmen
based on the temperature position of the peak maximum
T'50 K ~see Ref. 13!. At this temperature, N donors N(h)
residing at hexagonal carbon lattice sites serve as a so
for the free electrons in the conduction band, which are
quired to be able to conduct DLTS measuremen
N(h)donors are present at identical concentration as Nk)
donors@N~N(h)#5N(N(k))] in the 4H polytype and have a
smaller ionization energy than N(k) donors~for ionization
energies of N donors, see Ref. 14!.

This conclusion is supported byC-V measurements con
ducted on the same samples. Curves 1–3 in Fig. 2 are ta
on as-grown, Ti1-implanted, and V1-implanted samples

FIG. 1. Normalized DLTS spectrum~time window t151 ms/
t252 ms! of an as-grown~dot-dashed curve!, of a Ti1-implanted
~implantation No. 1, solid curve! and of a V1-implanted~dashed
curve! 4H SiC epilayer. The implanted epilayers were annealed
1700 °C for 30 min. The normalized DLTS spectra are magnifi
by a factor of 5 in the temperature range from 130 to 240 K.
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All three C-T curves show a freeze-out of free electrons
the conduction band at a few degrees below 50 K. Theref
N(k) donors are observable in the DLTS spectra; howev
the low-temperature edge of the corresponding peak is
fected by the steep freeze-out. Consequently, an Arrhe
analysis of this center can no longer be conducted.

The two peaks atT'75 K @Ti(h)# andT'95 K @Ti(k)#
in Fig. 1 could only be observed in Ti1-implanted 4H SiC
epilayers; they are assumed to be due to Ti atoms residin
hexagonal and cubic Si lattice sites, respectively.9 We would
like to point out that these two peaks are also detectabl
the as-grown epilayer, though at a small concentration
about 131013 cm23, which is no longer observable usin

FIG. 2. Normalized capacitance over temperature as obta
from C-V measurements~frequency 1 MHz!. TheC-T curves are
taken~1! on an as-grown 4H SiC sample~dotted curve!, ~2! on a
4H SiC sample subsequent to the Ti1 implantation No. 1~solid
curve!, ~3! on a 4H SiC sample subsequent to the V1 implantation
~dot-dashed curve!, ~4! on a 4H SiC sample subsequent to th
Ti1 implantation No. 2~dashed curve!, ~5! on an as-grown 6H SiC
sample~dotted curve!, and ~6! on a 6H SiC sample subsequent t
the Ti1 implantation No. 1~solid curve!. All the implanted SiC
samples were, in addition, exposed to an anneal at 1700 °C fo
min.
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the scale of Fig. 1. The ionization energiesDE( i ), capture
cross sectionss( i ) of electrons and concentrations N(i ) of
centers Ti(h), Ti(k), and ID 1–ID 4 obtained from an
Arrhenius plot evaluation, are listed in Table II. Because
the fact that the temperature dependence of the capture c
section of electrons is unknown, we used the following tw
cases for the Arrhenius analysis:s;T0 ~multiphonon cap-
ture! ands;T22 ~cascade capture!. For the Ti-related peaks
Ti(h) and Ti(k),we determined averaged ionization energ
~for values assumings;T0 ands;T22; see Table II! of
DE@Ti(h)#5(11768) meV and DE@Ti(k)#
5~160610! meV, respectively. Assuming identical occup
tion probabilities for hexagonal (h) and cubic (k) lattice
sites in the 4H SiC polytype, we would expect identica
concentrations of Ti(h) and Ti(k) centers. As can be seen i
the last column of Table II, the concentration of Ti(h) cen-
ters evaluated from DLTS data~for the calculation of the
concentration, see, e.g., Refs. 15 and 16! is reduced by ap-
proximately a factor of 2. This reduction is caused by a p
tial freeze-out of free electrons in the conduction band wh
means by trapping free electrons in energetically deeper
purities ~Ti acceptor levels! and lowering the effective dop
ing level, as can be observed in theC-T curves of Fig. 2.
The determination of the concentration of Ti(k) centers,
however, is not affected by the charge-carrier freeze-out

In order to check whether the measured concentration
Ti centers@Ti(h), Ti(k)# correlates with the concentratio
of the implanted rectangular Ti profile, we conducted a s
ond implantation (Ti1 implantation No. 2! with a fluence
five times higher. At first sight, the measured concentrati
of Ti centers@Ti(h), Ti(k)# do not meet the expectations
because the peak heights of Ti(h) and Ti(k) in the corre-
sponding DLTS spectra in Fig. 3 are by factors of 1.5 a
2.4, smaller and higher, respectively, than in samples
posed to Ti1 implantation No. 1. Also, peak N(k) is reduced
in its height. In the case of Ti1 implantation No. 2 the
freeze-out of free electrons is much stronger, and occurs
tween 70 and 140 K, as can be seen from the dashed cur
in Fig. 2. A corresponding freeze-out behavior is not o
served in as-grown~dotted curve 1! or V1-implanted~dot-
dashed curve 3! samples. The freeze-out in the temperatu
range from 50 to 140 K is obviously enhanced by the t
Ti-related centers, resulting in a reduced capacitance of
space charge region of Ti1-implanted samples~see curves 2
and 4 in Fig. 2!. As a consequence, Ti(h)and Ti(k) have to

ed

30
s
TABLE II. Ionization energiesDE( i ), capture cross sectionss( i ) of electrons and trap concentration
N( i ) as obtained from an Arrhenius plot evaluation of centers Ti(h) and Ti(k), andID 1 to ID 4 in the 4H SiC
epilayer after Ti1 implantation No. 1 and anneal.

Center
i

Ionization energy
DE( i ) ~meV!

Capture cross section
s( i ) ~cm2)

Concentration
N( i ) (cm23)

s;T0 s;T22 s;T0 s;T22

Ti(h) 110 125 2310215 1310214 931014

Ti(k) 150 170 3310215 2310214 231015

ID 1 180 205 4310215 3310214 231014

ID 2 185 210 1310217 1310216 631013

ID 3 255 285 1310216 1310215 131014

ID 4 370 405 1310214 1310213 231014
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55 13 621ELECTRICAL PROPERTIES OF THE TITANIUM . . .
act as acceptorlike centers, compensating partially the n
gen donors in the temperature range from 50 to 140 K. T
leads to a shift of the DLTS active zone to the trailing ed
of the implanted Ti profile, resulting in reduced peak heig
of Ti(h) and Ti(k) centers.

In order to prove that the Ti(h) and Ti(k) centers act as
acceptors, we conducted double-correlated DLTS~DDLTS!
investigations. The ionization energiesDE@Ti(h)# and
DE@Ti(k)# of these centers versus the mean electric fieldF
as evaluated from the DDLTS measurements are show
Fig. 4. It turns out thatDE@Ti(h)# andDE@Ti(k)# are inde-
pendent of the applied mean electric field~full circles!. The
solid horizontal straight lines and the dashed curves are
culated according to the Poole-Frenkel theory for cent
which are neutral (Z50) and singly ionized (Z51), respec-
tively, in the final state.17 The experimental data~full circles!
fit well to the caseZ50. The considered defect centers a
therefore, uncharged after the emission of an electron, m
ing that these centers are acceptorlike according
A2→A01e2.

Opposite to the results obtained for the 4H polytype, we
were not able to observe any corresponding Ti-related le
by DLTS in the 6H polytype. Figure 5 displays normalize
DLTS spectra~time window t151 ms/t252 ms! of the as-
grown ~dot-dashed spectrum!, the Ti1-implanted~implanta-
tion No. 1, solid spectrum!, and the V1-implanted~dashed
spectrum! 6H SiC epilayer. The three pronounced pea
ID 5– ID 7 , which are observed in the spectrum of t
Ti1-implanted sample within the temperature range from
to 290 K, are also evident in the spectrum of t
V1-implanted sample. They are assigned to implantati
induced intrinsic defect centers comparable to those inH
SiC ~peaksID 1– ID 4). The trap parameters of these peaks
obtained from an Arrhenius analysis are listed in Table

FIG. 3. Normalized DLTS spectra~time window t151 ms/
t252 ms! taken on 4H SiC epilayers subsequent to Ti1 implanta-
tion No. 1~solid curve! and Ti1 implantation No. 2~dashed curve!,
respectively. The implanted epilayers were annealed at 1700 °C
30 min.
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There is no feature detectable in the DLTS spectra of Fig
that could be assigned to the nitrogen donor in 6H, in con-
trast to the DLTS spectra taken on 4H SiC. This observation
can be explained in terms of a differing freeze-out behav
of free electrons in 6H. Curves 5 and 6 in Fig. 2 show tha
the strong freeze-out of electrons in 6H occurs already at
T5100 K. This temperature position is slightly above t
position where the nitrogen donor N(k1 ,k2) is detected by
admittance spectroscopy in 6H SiC ~see Ref. 18!, and well
above the temperature position where N(h) nitrogen donors
are observed; as a consequence, nitrogen donors are no
tectable in the DLTS spectra of 6H SiC. The concentration
ratio of energetically deep N(k1 ,k2) nitrogen donors to the
energetically shallower N(h) nitrogen donors of 2 to 1, as
well as the slightly greater ionization energies of nitrog
donors@N(k1 ,k2), N(h)# in 6H SiC in comparison with the
4H polytype, are assumed to be responsible for the e
freeze-out of free electrons in 6H SiC.

According to our DLTS results, we summarize that tw
Ti-related centers Ti(h) and Ti(k) are observable in 4H SiC,
but no corresponding Ti-related centers can be detecte
6H SiC. The DDLTS investigations have reveale
Ti(h) and Ti(k) to be acceptorlike defect centers.

The ionized Ti acceptor state Ti31(3d1) has previously
been identified by ESR investigations ofn-type 4H SiC bulk
crystals.8 Maier, Müller, and Schneider8 pointed out that they
could only detect an ESR spectrum of the Ti31(3d1) state in
4H SiC but not in 6H SiC. In order to explain this behavior
these authors suggested that the A2 ground state of the Ti

or

FIG. 4. Ionization energiesDE@Ti(h)# ~lower part of the figure!
andDE@Ti(k)# ~upper part of the figure! vs applied mean electric
field F as obtained from double-correlated DLTS investigatio
The solid/dotted lines are calculated with the Poole-Frenkel the
for a defect center with charge stateZ50 (A2→A01e2)/Z51
(D0→D11e2) after emission of an electron and for a mean pe
temperature ofT576 and 95 K, respectively~Ref. 17!. The experi-
mental data~full circles! are represented by the solid straight line
meaning that centers Ti(h) and Ti(k) are acceptorlike.
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TABLE III. Ionization energiesDE( i ), capture cross sectionss( i ) of electrons and trap concentration
N( i ) as obtained from an Arrhenius plot evaluation of centersID 5 to ID 7 in the 6H SiC epilayer after
Ti1 implantation No. 1 and anneal.

Center
i

Ionization energy
DE( i ) ~meV!

Capture cross section
s( i ) ~cm2)

Concentration
N( i ) (cm23)

s;T0 s;T22 s;T0 s;T22

ID 5 270 300 4310215 3310214 631014

ID 6 395 430 2310214 1310213 131014

ID 7 495 540 4310214 3310213 531014
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acceptor corresponds to a shallow level in the band ga
the 4H polytype close to the conduction-band edge, while
ground state in the 6H polytype is energetically already reso
nant in the conduction band. This suggestion is based on
empirical ‘‘Langer-Heinrich-rule’’~Ref. 19! and the smaller
band gap of the 6H polytype compared to the 4H polytype.
Comparing our DLTS and DDLTS results with ESR fin
ings, we propose that the two observed Ti-related cen
Ti(h) and Ti(k) in 4H SiC are due to the ionized Ti accept
state Ti31(3d1)residing at hexagonal and cubic lattice site
respectively. An assignment of the Ti(h) and Ti(k) accep-
tors to one of the two determined ionization energies can
be met on the basis of our investigations; we also can
decide whether Ti substitutes a Si or C site. Leeet al.9 per-
formed detailed ODMR studies on Ti acceptors in 4H SiC,
and assigned the PL lines at 2.85 eV (B0 line! and 2.79 eV
(C0 line! to Ti acceptors residing at hexagonal and cubic
lattice site, respectively. Considering the Ti luminescence
a radiative recombination of an exciton bound to the Ti c
ter proposed by Patrick and Choyke,10 we conclude that the
PL line located at higher energy corresponds to the Ti-rela
level which is energetically closer to the conduction ba

FIG. 5. Normalized DLTS spectrum~time window t151 ms/
t252 ms! of an as-grown~dot-dashed curve!, of a Ti1-implanted
~implantation No. 1, solid curve!, and of a V1-implanted~dashed
curve! 6H SiC epilayer. The implanted epilayers were annealed
1700 °C for 30 min.
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This means that theB0 andC0 lines correspond to the sha
lower @EC2(11768) meV# and deeper@EC2(160610)
meV# Ti-related level, respectively. Taking into account t
results of the ODMR investigations, the shallower a
deeper Ti-related levels are due to Ti acceptors residin
hexagonal and cubic Si lattice sites.

The electrical activity of the implanted Ti accepto
achieved by an anneal at 1700 °C for 30 min is appro
mately 100%, as can be seen by comparing the concentra
of Ti(k) centers which is not affected by the charge-carr
freeze-out~see Table II! with the implanted mean Ti concen
tration ~see Table I!. The experimental finding that the con
centration of Ti(k) centers is equal to half of the implante
mean Ti concentration also supports our suggestion that
Ti(k) peak observed in the DLTS spectra corresponds to
substitutional Ti acceptor residing at cubic lattice sites.

In Fig. 6, the energy scheme for different SiC polytyp
(4H, 6H, 15R, 21R, and 3C) and the ground-state energ
of the ionized Ti acceptorE@Ti(k),(A2/A0)# in 4H SiC, as
obtained from DLTS, are shown. The band-gap energy of
different polytypes listed in the figure is composed of t
exciton band gap plus the binding energy of the free exci
of 27 meV,20 which is assumed to be identical for all Si
polytypes considered. In order to make the figure transp
ent, we only depict the ground level of Ti acceptors resid
at cubic lattice sites@E(Ti(k),(A2/A0)#; however, identical
conclusions are valid for the energetically shallower Ti a
ceptors residing at hexagonal lattice sites. This schem
based on two essential assumptions: first, the empir
‘‘Langer-Heinrich rule’’19 is valid for the different SiC poly-
types; and second, almost the complete band offset of
different SiC polytypes is connected with the conducti
bands.

In III-V and II-VI compound semiconductors, Langer an
Heinrich observed that levels of transition metals are align
within a group of isovalent compound semiconductors w
respect to a common bulk reference level.19 As a conse-
quence, the Ti acceptor level (A2/A0) determined in 4H SiC
can be extended to further SiC polytypes at the same en
position as indicated in Fig. 6.

Regarding the band offsets between different SiC po
types, internal photoemission investigations have been c
ducted on SiC/SiO2 structures by Afanas’evet al.21 These
authors stated that the upper valence-band edge of the in
tigated SiC polytypes (4H, 6H, 15R, and 3C) is energeti-
cally aligned within their measurement uncertainty of650
meV, which is indicated in Fig. 6 by the shadowed zone.

Evwaraye, Smith, and Mitchel22 predicted a valence-ban
t
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FIG. 6. Schematic energy diagram of five Si
polytypes (4H, 6H, 15R, 21R, and 3C)
showing the ground-state level of the Ti(k) ac-
ceptor E@Ti(k),(A2/A0)# and the energy posi-
tion of the Ti(k) acceptor after binding of an ex
citonE@Ti(k),(A21h1)#. It is assumed that the
‘‘Langer-Heinrich rule’’ is valid for the Ti accep-
tor level with respect to the different SiC poly
types. The table at the bottom of the figure sum
marizes whether a Ti-related signal can
obtained from the special analysis technique
the particular polytype ~— means not yet
checked, to our knowledge!. Ionization energy of
the Ti(k) acceptor in 4H SiC obtained from
DLTS: DE@Ti(k)#5~160610! meV. Binding en-
ergy of the bound excitonDE(Ex) estimated
from PL investigations on the 15R and 21R poly-
types: 162 meV<DE(Ex)<252 meV. ~a! ~82
610! meV. ~b! ~119610! meV. ~c! ~252610!
meV. ~d! ~715610! meV.
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offset between 4H and 6H SiC of about 170 meV from
applying the ‘‘Langer-Heinrich-rule’’ to the vanadium dono
level determined by optical admittance spectroscopy ofH
and 6H SiC. However, the measurement error of60.03 eV
given in Ref. 22 for the determination of the band-gap en
gies of 4H and 6H SiC as well as for the vanadium dono
level in 4H and 6H SiC leads to an overall error for th
valence-band offset of6120 meV; hence the results of Re
22 are no longer in contrast to the findings of Afanas
et al.

In addition, the theoretical work of Ka¨ckell, Wenzien, and
Bechstedt23 confirms the experimental results. Fromab initio
calculations, these authors obtained a valence-band offs
0.03 eV and a conduction-band offset of 0.25 eV betwe
4H and 6H SiC, indicating that the predominant part of th
band offset is connected with the conduction band. Based
these experimental findings and theoretical results, it is
dent that the ground level of the ionized Ti accep
Ti31(3d1) among the considered polytypes (4H, 6H,
15R, 21R, and 3C) can only be observed in the 4H poly-
type.

According to Patrick and Choyke,10 the Ti acceptor can
bind an exciton leading to theE@Ti(k),(A21h1)# level,
which is lowered in energy by the binding energ
DE(Ex) of the bound exciton with respect to th
E@Ti(k),(A2/A0)# ground level~see Fig. 6!. These authors
reported PL lines due to the recombination of this bou
exciton for the 4H, 6H, and 15R SiC polytypes; however
no radiative bound exciton recombination could be obser
for the 21R and 3C SiC polytype. The energy position of th
detected PL lines is largely independent of the SiC polyty
the number of observed no-phonon PL lines (A0 , B0 , C0 ,
etc.! depends on the particular polytype, and is correla
with the differing number of inequivalent lattice sites. Esp
cially the fact that Ti-related PL lines are observed in t
15R polytype means that theE@Ti(h),(A21h1)# and
E@Ti(k),(A21h1)# levels have to be located in the ban
gap of this polytype, while the corresponding levels of t
21R polytype are already resonant in the conduction b
r-
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i-
r

d

d

,

d
-

d

~see Fig. 6!. Combining this observation with our DLTS re
sults, we can estimate an energy range for the binding en
of the bound excitonDE(Ex), which is assumed to be inde
pendent of the SiC polytype and identical for Ti accepto
residing at hexagonal or cubic lattice sites:

162 meV<DE~Ex!<252 meV.

Our discussion reveals that the available and indep
dently obtained experimental results@DLTS ~this work!,
ESR,8 ODMR,9 and PL ~Ref. 10!# on the Ti acceptor in a
series of SiC polytypes can be summarized in a model~see
Fig. 6! which is able to explain all the experimental detai
In contrast to Ti centers in Si, where Ti causes a stro
recombination of free charge carriers by forming three de
levels with large capture cross sections24 located in the for-
bidden band gap, it seems that Ti incorporated into SiC d
not lead to such a strong degradation of the electrical pr
erties. It turns out that Ti generates electrically active cen
only in the 4H SiC polytype. There it is already observed
the as-grown CVD epilayers, and forms deep acceptors w
moderate capture cross sections for electrons, which ar
the order of 10215 cm2 ~see Table II!.

IV. SUMMARY

Based on our DLTS and DDLTS investigations and
ESR and PL results reported in the literature, we determi
the ground-state levels of the ionized Ti accep
Ti31(3d1)/Ti41(3d0)[A2/A0 in 4H SiC to be equal to

E@Ti~h!#5EC2~11768! meV,

E@Ti~k!#5EC2~160610! meV;

the two differing levels are due to Ti atoms substituting f
Si at hexagonal and cubic lattice sites, respectively. The
signment of the energy levels to hexagonal and cubic lat
sites is based on detailed ODMR investigations perform
by Lee et al.9 The ‘‘Langer-Heinrich rule’’ leads to the
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suggestion that the corresponding Ti acceptor levels are r
nant in the conduction band of the 6H SiC polytype and of
all the other SiC polytypes with a band-gap energyDEGap
<DEGap(6H). Comparing Ti-related photoluminescen
data of the 15R and 21R SiC polytype published by Patric
and Choyke,10 and taking into account our DLTS results o
Ti acceptors in 4H SiC, we can estimate a binding energ
DE(Ex) of an exciton bound to the Ti acceptor: 162 me
<DE(Ex)<252 meV; it is assumed to be independent of
lattice site and the SiC polytype.
ro
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