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Ab initio density-functional supercell calculations of hydrogen defects in cubic SiC
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Based onab initio density-functional calculations in supercells of 3C-SiC, the stable configurations of
hydrogen and dihydrogen defects have been established. The calculated formation energies are used to give
semiquantitative estimates for the concentration of hydrogen in SiC after chemical vapor deposition, low
temperature H-plasma anneal, or heat treatment in high temperature hydrogen gas. Vibration frequencies, spin
distributions, and occupation levels were also calculated in order to facilitate spectroscopic identification of
these defects. (V1nH) complexes are suggested as the origin of some of the signals assigned earlier to pure
vacancies. Qualitative extrapolation of our results to hexagonal polytypes explains observed electrical passi-
vation effects of hydrogen.
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I. INTRODUCTION

Hydrogen is one of the most common impurities in sem
conductors, introduced by both wet and dry etching amo
other methods. Due to its profound and very varied influe
on the electronic characteristics of the material~passivation
of electrically active centers, formation of large active co
plexes!, interest in theoretical and experimental research
the hydrogen impurity in semiconductors has been cont
ous in recent years.1–3 Silicon carbide~SiC! is a wide band
gap semiconductor that has been known for a very long ti
but its technology is just reaching maturity for practical a
plication in power electronic devices. The data base ne
sary for defect engineering is still in the making for th
material. The present paper tries to contribute to this proc
with results of first-principles model calculations o
hydrogen-related defects. Hydrogen has a special importa
for SiC: due to the difficulties with bulk crystal growth an
diffusion doping, in-growth-doped homoepitaxial layers p
pared by chemical vapor deposition~CVD! from hydrogen-
rich precursor molecules play a crucial role in devices. H
drogen is therefore a natural contaminant of such lay
Since doping utilizes the competition of dopants and h
atoms for a given site in the crystal,4 hydrogen competing for
the free valences of a vacancy may influence dop
efficiencies.5 That—together with the expected passivati
effect of hydrogen on radiation induced defects—makes
0163-1829/2001/63~24!/245202~19!/$20.00 63 2452
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cancy1 hydrogen complexes a primary target for investig
tion. Naturally, the energetics and kinetics of hydrogen
lated defect complexes~whether with intrinsic or with
extrinsic defects! cannot be established without knowing th
energies of the stable configurations of interstitial hydrog
in various charge states, as well as the energies of dihy
gen complexes. In this study the interaction of one or t
hydrogen atoms is considered with the ‘‘perfect’’ lattice a
with an isolated vacancy~at both the C and the Si sites! in
SiC.

As in other semiconductors, passivation of shallow don
and acceptors due to hydrogen is expected in SiC as w
Except for boron-doped 6H-SiC samples, where it wa
shown with SIMS~secondary ion mass spectrometry! and PL
~photoluminescence spectroscopy!,5,6 very little is known
about hydrogen incorporation during epitaxial growth. Tho
samples showed strong decrease in carrier concentration
to hydrogen. Annealing wafers cut from boules of 6H-SiC in
H2 atmosphere between 1500 and 1700 °C resulted in 9
loss in carrier concentration inp-type samples moderatel
doped with Al (@p#;1017 cm23), and 75% loss inn-type
samples heavily doped with N (@n#;1019 cm23),7 but no
H-related vibrations were found in either case.8 Hydrogen-
plasma anneal ofp-type 4H-SiC epilayers~doped with Al to
@p#;1018 cm23) at low temperature (250 °C) also caused
decrease in the free carrier concentration.9 Since a postannea
at 500 °C caused further decrease, passivation due to dop
©2001 The American Physical Society02-1
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hydrogen complex formation seemed more likely than car
trapping in defects created by the plasma. At a doping le
of 731017 cm23, the passivation was much more prevale
in p-type than inn-type samples in a 300 °C electron cycl
tron resonance plasma, and a heat treatment around 70
was needed for reactivation.10 Low energy implantation of
2H2

1 into lightly dopedp-type @(5 –10)31015 cm23# 4H
epilayers passivated or at least compensated B comple
and Al to a large extent, but no passivation and little inc
poration~at room temperature, none at 400 °C) was found
the case of samples doped at the same level@(5 –10)
31015 cm23# with N.11 The passivation of Al occurred b
complex formation. The Al-H complex could be dissociat
by ;1.8 eV, and released hydrogen in the positive cha
state.12 A substantial decrease of the free carrier concen
tion after H implantation into heavily dopedn-type
(;1019) 4H-SiC was reported based on spectroscopic el
sometry studies.13 However, the passivation was attributed
electron traps created during implantation. This effect w
also demonstrated in dc plasma treatment of N-do
@(0.2–3)31018 cm23# samples between 300 and 700 °C.14

In summary, H appears to be easily incorporated i
p-type samples where it may cause passivation, or at l
compensation of dopants. Except for high temperature, h
pressure annealing in H2, hydrogen entersn-type samples
less easily. The effect of H-plasma treatment of or H impla
tation inton-type samples is the creation of electron traps

Apart from passivation studies, very few papers ha
been published on H in SiC, and the experimental fing
prints of its main forms have not yet been established. P
toluminescence bands arising as phonon replicas due to
modes at 2962, 2977, and 2988 cm21 in 6H- and 2959 and
2985 cm21 in 4H-SiC after H1 implantation ofp-type ma-
terial grown in a C-rich environment were interpreted as C
stretch modes due to H in silicon vacancies at different
equivalent sites.15,16 Vibrations that could be assigned
Si-H stretching modes (;2100 cm21) have not yet been ob
served. Diffusion of H in lightly doped 6H- and 4H-SiC
after implantation at 50 keV (1015 cm22) has been
investigated.17,18 In these works a dissociation energy b
tween 3.5 and 4.9 eV was estimated as the rate limiting s
assuming that hydrogen decorates silicon vacancies. It
found that hydrogen diffuses considerably more slowly
n-type than inp-type samples.19 No DLTS ~deep level tran-
sient spectroscopy! peaks could be related to hydrogen
electron-irradiated and deuterium-implanted 6H-SiC.20 As
yet no EPR~electron paramagnetic resonance! signals related
to H have been observed either, but muon spin resona
(mSR) experiments indicate muonium~an analog of the H
atom made of a muon and an electron! to be at tetrahedra
interstitial sites~see Ref. 21 and references therein!. This
general lack of information about H in SiC~especially in
epilayers! is intriguing, soa priori knowledge about its vari-
ous forms and about the conditions under which they
formed could be helpful—even if the data supplied by mo
calculations are only approximate.

The only theoretical studies we are aware of in SiC c
sidered hydrogen solely as an isolated interstitial in the n
tral charge state, using a molecular cluster model.22,23 The
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equilibrium position of H0 in 3C-SiC was found at the tet
rahedral interstitial site in the cage of the less electronega
atoms Si~at TSi). This result is similar to the one found i
GaAs,24 and for a number of other binary semiconductors22

In contrast, the most stable position of H0 in diamond25 and
silicon26–28 is the bond-center~BC! site, i.e., hydrogen inter-
rupts a bond between two host atoms, forming athree-center
bond. Two electrons in a state formed by the symmet
combination of thesp3 hybrids of two neighboring host at
oms and of thes orbital of the hydrogen envelop all thre
atoms.

The technologically important silicon carbide polytyp
are the hexagonal 4H-SiC and 6H-SiC ~with ABAC and
ABCACBstacking sequences of Si-C atomic double lay
along the @0001# direction, respectively!. These can be
grown as bulk single crystals of electronic quality. For cub
~zinc-blende! 3C-SiC ~with an ABC stacking sequence
along the@111# direction! this has not yet been achieved, b
this is the preferred polytype in heteroepitaxy on large s
con wafers~still far from electronic quality!. The 3C poly-
type has the smallest unit cell while that of 4H (6H) is four
~six! times bigger. Since the computational cost for o
method scales with the third power of size, it is reasonabl
do large scale exploratory calculations on 3C-SiC first. The
first- and second-neighbor environment is the same in
polytypes, but the band gap of 3C-SiC (2.4 eV) is signifi-
cantly smaller than that of 4H-SiC (3.3 eV) or
6H-SiC (3.0 eV). With proper caution, however, it is po
sible to give at least qualitative estimates of the behavio
defects in the hexagonal polytypes, based on calculation
the cubic one.

Our paper is organized as follows. In Sec. II we descr
the theoretical methods we use to study one- and t
hydrogen defects in intrinsic 3C-SiC. Results will be given
in Sec. III. Sec. III A contains the results on atomic inters
tial hydrogen in all three charge states, while Sec. III B
about interstitial dihydrogen complexes. In Sec. III C we
port on one or two hydrogen atoms in a silicon vacan
Results published recently29 on hydrogen in the carbon va
cancy will also be reiterated briefly in Sec. III D. Finally, w
establish the relative stability of the different complexes
Sec. III D. Based on that and on the calculated electronic
vibronic properties we comment on the passivating capab
ties of hydrogen and discuss experimental information~or
the lack thereof! about H in SiC in Sec. IV. Some of th
results mentioned here have been published in a prelimin
form.30

II. METHOD

First-principles calculations using the local density a
proximation~LDA ! to density-functional theory31 were car-
ried out in a supercell model~SCM! of the defective solid.
To explore relative stabilities of different configurations,
32-atom~bcc! unit cell was used. The most stable config
rations of the individual defect in each charge state w
recalculated in a 128-atom~fcc! unit to obtain formation en-
ergies and occupation levels, as well as one-electron w
functions. For these computations, theFHI98MD code32 was
2-2
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TABLE I. Comparison of the formation energies of various defects under stoichiometric conditio
obtained from the 32- and 128-atom SCM calculations~present work!. No LDA gap correction and zero poin
energy are added in order to make comparison with the results of Ref. 38 possible.mH is the chemical
potential of H.

Defect Eform
q ~eV!

32-atom SCM 128-atom SCM 216-atom SCM

VC
0 4.89 4.49 4.30

(VC1H)0 210.572mH 210.762mH

(VC12H)0 23(212.942mH) 23(212.982mH)
VSi

0 8.66 8.16 8.45
(VSi1H)0 29.112mH 29.362mH

(VSi12H)0 23(213.192mH) 23(213.162mH)
(H2)TSi

23(213.722mH) 23(213.592mH)
HABC

0 213.482mH 213.232mH

aReference 38.
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applied, which utilizes a plane wave basis. In the 32-at
calculations a high kinetic energy cutoff of 64 Ry was us
with Troullier-Martins norm-conserving soft-cor
pseudopotentials.33 This makes both perfect crystal and rel
tive defect energies converged within 0.01 eV. For the 1
atom calculations the cutoff was reduced to 32 Ry, with
simultaneous adjustment of the core radii in the pseudo
tential. The energy convergence is still better than 0.05 e34

The LDA is known to underestimate the width of the ga
While the experimentally observed excitation energies
be reproduced with a more or less rigid shift of the energ
of extended states in the conduction band~with respect to the
edge of the valence band!, defect orbitals, which are mix
tures of valence and conduction band states, represe
problem. Therefore, defect levels in the gap have b
shifted proportionally to their overlap with the conductio
band ~CB! states.35 The total energy was then corrected
this shift times the occupation number of the defect sta
Summation over the reduced Brillouin zone of the superc
was carried out using the 23232 Monkhorst-Pack~MP!
scheme36 for both the 32- and 128-atom units. It has to
noted that in the case of the zinc-blende lattice these set
not include the criticalk points at ~near! the band edges
therefore the ‘‘gap’’ between the explicitly treated occupi
and unoccupied one-electron energies is substantially hi
than the LDA minimum gap. This situation is advantageo
in avoiding artificial occupation of the CB edge instead o
localized defect level because of the LDA gap error~which is
corrected onlya posteriori!. If the defect level turned out to
be higher in energy than the corrected position of the
edge, the calculation was repeated with a 33333 MP set,
which includes the necessary band edge states. Another
rection in the position of defect levels and total energy
made necessary by the dispersion due to the interactio
repeated defects in the SCM. An approximate position of
‘‘isolated’’ defect level was found by fitting a tight bindin
dispersion relation to the energies calculated at differenk
points.37 The total energy was then corrected by the diff
ences between this value and the defect levels calculate
the individualk points ~times the occupation number!. An
additional source of inaccuracy in the relative stabilit
24520
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arises because of the limitations of our code to sp
unpolarized calculations.~The energies of isolated atoms
vacuum were, however, determined with spin polarizatio!
In the case of the vacancies the error of neglecting spin
larization is known from the work of Zywietzet al.38,39 We
will assume that for (V1H) and (V12H) defects the error is
roughly the same. So the energies of doublet, triplet, a
quadruplet states were corrected with20.1,20.2, and
20.5 eV, respectively.40 In the case of interstitial H, we will
use the data obtained for the silicon crystal, where the s
polarization error for H at the tetrahedral interstitial site w
20.1 eV and at the bond-center site20.02 eV.41

The total energy of the perfect SCM was minimized w
respect to the Si-C distance, and the latter was found to
within 0.8% of the experimental value. The geometry
minimum energy for the defects is found by allowing tw
shells of host atom neighbors to relax and reconstruct with
without symmetry constraints in the 32-atom SCM. The co
vergence criterion for the forces was 0.0005 hartree/bo
Tests with third-neighbor relaxation in the 128-atom SC
showed that for the defects under consideration this res
tion does not cause significant error. Therefore, defect ca
lations in the 128-atom unit were carried out at the optim
geometry found in the 32-atom calculation. As a con
quence, the formation energies are upper bounds for ne
defects.42 We expect the accuracy of the (1/0) and (0/2)
occupation levels to be within about60.15 eV.~In the case
of the occupancy level between higher charge states the e
may be larger.! Convergence of the results can be checked
Table I, where formation energies obtained from the 32- a
from the 128-atom units are compared. In the case of
vacancies, our results can also be compared to those of
38 obtained from a 216-atom SCM with a 43434 MP set
~but with a different type of pseudopotential and correspo
ing cutoff!. The uncorrected occupation levels obtained
the vacancies in this work also match within 0.1 eV wi
those of Ref. 39.

Prediction of the local vibrational mode~LVM ! frequen-
cies by theory is of special importance in the experimen
identification of defect centers. Calculating vibrational fr
2-3
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quencies on a plane wave basis with a high energy cuto
very time consuming. However, the interatomic forces
predominantly determined by the valence electrons of
crystal and the localized electrons of the defect. Theref
frequencies were calculated using a supercell version of
AIMPRO code,43 which applies the LDA on a localized bas
of uncontracted Gaussian-type orbitals~with preoptimized
exponents! in conjunction with norm-conserving nonloca
Bachelet-Hamann-Schlu¨ter pseudopotentials.44 A basis with
four s-type and fourp-type Gaussians was used for each
or C atom while twos and twop Gaussians were include
for hydrogen atoms. In addition ans-type Gaussian was pu
at each bond center to simulate polarization functions.
these calculations a 64-atom~sc! unit cell was used with the
k50 approximation. Geometries obtained from the pla
wave calculations were refined under identical constra
~no significant change was observed in all but one case!. The
LVM frequencies were obtained in the harmonic approxim
tion by calculating the second derivatives of the total ene
with respect to all relaxing atoms. Local modes were selec
based on the amplitudes of the atoms. The frequencie
stretching mode vibrations distinct from the continuum
SiC vibrations are typically45 accurate within abou
50 cm21, but differences~like isotope shifts! are reproduced
within a few wave numbers.

III. RESULTS

A. Interstitial atomic hydrogen

Based on experience with other semiconductors, the e
librium position of a neutral interstitial hydrogen atom (H0)
was sought in the 32-atom unit by starting symmetry un

FIG. 1. Interstitial sites in the~110! plane of 3C-SiC. Black and
white circles represent C and Si atoms, respectively.
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stricted geometry optimizations with H0 near theTSi , TC,
and BC sites.~The important sites of the 3C-SiC lattice can
be seen in Fig. 1.! Three local minima have been found. H0

is most stable 0.69 Å away fromTC along@111#, in anABC
position. It forms a bond (dH-C51.14 Å) with the nearest C
neighbor and the C-Si bond further along that direction
weakened (dC-Si51.95 Å). In fact, it would be more appro
priate to speak of a three-center bond on the H-C-Si u
One metastable configuration was found 0.08 Å away fr
theTSi site along@111# ~nearer to the Si atom!. This configu-
ration is 0.66 (0.58) eV less stable in the 32-~128-!atom
calculation than theABC site ~neglecting differences in zero
point energy!. The nearest Si-C bond remains almost unp
turbed. The electronic structure is almost identical with th
found atTSi , which is not a minimum in energy. H at the B
site is also metastable, 0.62 eV higher in energy than
ABC.

Our result contradicts that of the molecular cluster mo
~MCM! calculation of Ref. 23, where the most stable s
was found to beTSi . In a test calculation using theAIMPRO

code on a MCM similar to that of Ref. 23, we also get H0

nearTSi to be significantly more stable than on theABC site,
while the AIMPRO calculation on a 64-atom SCM gave th
same results as theFHI98MD code on the 32-atom SCM. Th
reason lies in the inadequate description of the delocali
conduction band states in a MCM calculation, leading to
very wide gap in the electronic structure of the cluster. A
consequence, a state localized strongly to hydrogen app
within this gap with H at either theTSi or the TC site. The
electron in this orbital is in an area of low electron density
the former and in a higher density one in the latter case.
a result, both the one-electron level and the total energy
lower for H0 at TSi . In the SCM calculation the aforemen
tioned localized level is still in the gap for H atTSi ; how-
ever, atTC it lies well above the~corrected! CB edge.~All
the one-electron levels are displayed together in Fig. 2.! As a
result, in the latter case, the electron of H0 occupies a delo-
calized state nearly identical with the lowest conducti
band state of the perfect supercell. The three-center b
with the C-Si unit is formed, offsetting the energy advanta
of the one-electron state in the nonbonded H0 at TSi . With H
in the ABC configuration, an orbital largely localized on H
~essentially the ‘‘antibonding’’ counterpart of the localize
three-center bond! lies more than 1 eV above the CB edg
Since the gap of the 6H and 4H polytypes is wider by only
the
their
FIG. 2. The calculated one-electron levels for various defects in 3C-SiC in the neutral charge state. The energies in eV of
one-electron levels are given with respect to the valence band.~In the charged states the one-electron levels are shifted compared to
positions in the neutral states!.
2-4
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0.6 and 0.9 eV, respectively, we expect a similar bond
situation at anABC site there too. However, the larger ga
will increase the energy of this configuration with respect
H at TSi . Therefore, in the hexagonal polytypes the latter
likely to be energetically favorable as predicted in Ref. 2

Changing the charge state we find that H1 prefers the
ABC and H2 the near toTSi position~Fig. 3!, by 0.7 eV over
the BC site in the former case and by 1.3 eV overTC in the
latter ~both values refer to 32-atom calculations without ze
point energy!. Considering the2(1) charge on C~Si! in the
host lattice, this situation is expected intuitively. It has to
noted, though, that in the positively charged case
~Si-!C-H bond is essentially a covalent three-center bo
and the ionization has occurred from the delocalized
state.~The geometry is essentially identical with that of t
neutral charge state.! In the negative charge state only abo
half of the extra charge is localized on hydrogen and the
weakens the Si-C bond. The ionized one-electron state
gins to resemble the ‘‘antibond’’ of a weak~H-!Si-C three-
center bond.

The relative stabilities of the three charge states as a fu
tion of the Fermi level position are shown in Fig. 4 as o
tained from the 128-atom calculations. H0 appears to have a
stability window of;0.1 eV, but considering the uncertain
ties of the calculation a negativeU behavior ~the charged

FIG. 3. The geometry of the charged states of interstitial ato
H in 3C-SiC.

FIG. 4. Stabilitiy of the charge states of interstitial atomic
with respect to the neutral state in 3C-SiC as a function of the
Fermi level position in the gap. The lower part of the figure sho
the position of the occupation levels in the gap, compared with
occupation levels of the shallow dopants.
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states being always more stable than the neutral state! cannot
be excluded. The (1/0) occupation level is atEV
12.32 eV, while the (0/2) occupation level at EV
12.405 eV is almost degenerate with the CB edge. So in
stitial H may act as a relatively shallow donor in 3C-SiC.
Because of their localized nature, we do not expect the
ergies of the charged states to change dramatically in
hexagonal polytypes. However, as explained above, the t
energy of the neutral state may increase. This could lea
negativeU behavior with a (1/2) occupation level around
EV12.4 eV in 4H- and 6H-SiC, making interstitial atomic
hydrogen a deep electronand hole trap.

With the narrow stability window we obtain, H0 or muo-
nium ~Mu! is not likely to be easily detectable by electron
muon spin resonance in equilibrium in 3C-SiC. It is, how-
ever, questionable whethermSR records equilibrium condi
tions. In fact, an isotropicmSR signal has been observed
3C-SiC ~see the review of Estreicher21!. About 30% of the
incoming muons take on this paramagnetic state, while
rest remains diamagnetic. Our prediction of theABC site
implies a hyperfine interaction with axial symmetry. O
course, H0 or Mu may occupy any of the fourABC sites
aroundTC. We have calculated the approximate barrier b
tween these sites along the@001# axis. Comparing its value
of 0.47 eV with the zero point energy of Mu, 0.81 eV,
follows that an isotropicmSR signal will arise due to mo
tional averaging even at very low temperatures. The sa
reasoning requires high temperature for H0 which has a zero
point energy of 0.27 eV.

The calculated stretch mode vibration frequency of H1 in
the ~Si-!C-H bond atABC is 2747 cm21, somewhat lower
than typical C-H frequencies. The reason is the slight ‘‘ov
coordination’’ of the carbon atom.

B. Diatomic interstitial hydrogen

Stable dihydrogen complexes were sought by start
with two H atoms on differentAB sites in a 32-atom unit. As
in Si, the H2 molecule at theTSi site turns out to be the mos
stable dihydrogen complex. (H2 at theTC site is less stable
by 1.94 eV.! The H2 molecule can rotate almost freel
around its center of mass. The@111# orientation is preferred
but the energy difference with respect to the@001# orienta-
tion is less than 0.1 eV. The length of the H-H bond
0.802 Å, to be compared to 0.779 Å calculated for the2
molecule in vacuum. The H-H stretching mode frequenc
calculated in the harmonic approximation are 3452 cm21 in
the solid and 4227 cm21 for the free molecule. (H2)TSi

is

more stable than two (H0)ABC
by 1.70 (1.97) eV in the 32-

~128-!atom calculation. For most Fermi level positions, H0 is
not stable in equilibrium in 3C-SiC. Therefore, the stability
of H2 relative to isolated interstitials will depend on the p
sition of the Fermi level. As will be shown in Sec. III E, H1

is more stable inp-type material than H2, while H2 is always
less stable. The same can be expected in hexagonal p
types.

We also find that a HABC
-HABSi

pair on two sides of the
same Si-C bond is more stable than either a pair of isola

ic

s
e

2-5
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FIG. 5. The calculated occupation levels in 3C-SiC ~1/0 occupation level probably exists in the gap forVSi12H andVSi , while a 2
2/32 occupation level may also exist for the latter!. The energies in eV of the occupation levels are given with respect to the valence
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H0 interstitials or isolated interstitial H1 and H2. The energy
of this complex is higher than that of (H2)TSi

only by

0.91 eV. The bond lengths are H-Si, 1.679 Å, Si-
2.139 Å, and C-H, 1.142 Å, showing that a strong C-H a
a weaker Si-H bond are formed at the expense of alm
dissociating the Si-C bond.

C. One or two hydrogen atoms in a silicon vacancy

The silicon vacancy (VSi) is a deep acceptor in 3C-SiC.
The negative charge state is characterized byTd symmetry
and S53/2.46 Our geometry for VSi

0 ~9.5% outward
breathing47!, as well as the formation energy (8.16 eV, s
Table I! and the position of the highest occupied level~at
EV10.49 eV, calculated without the gap correction in t
128-atom unit!, agree fairly well with the corresponding va
ues of Ref. 39~9.1%, 8.45 eV, andEV10.32 eV). With all
corrections applied, we obtain the highest occupied o
electron level atEV10.76 eV in the neutral and atEV
10.94 eV in the negative charge state.40

The Jahn-Teller reconstruction is negligible inVSi be-
cause of the localized nature of the carbon dangling bo
and the relatively long C-C distances across the vaca
Due to the degeneracy of the highest occupied one-elec
orbital (;t2 in all charge states!, a LDA-type calculation
~with spin polarization! should necessarily result in high sp
state configurations. However, it was shown that, in
ground state ofVSi

0 , many-body effects lower the1E singlet
(S50) state below the3T triplet (S51) one.48 In a more
recent self-consistent calculation, an energy difference
;0.1 eV was found in favor of the singlet ground state49

Therefore, we corrected the energy of the triplet
20.1 eV to get an estimate for the true ground state ofVSi

0 .
@The same will be done with (VSi1H)2.# With these correc-
tions we estimate the (0/2/22) occupation levels ofVSi in
3C-SiC to be aroundEV10.43 eV and11.33 eV, respec-
tively, from our 128-atom calculation.50 Higher negative or
positive charge states ofVSi may exist but have not bee
calculated.~All the calculated occupation levels are di
played together in Fig. 5.!

The bonding configuration of (VSi1H)0 is shown in Fig.
6. The hydrogen bonds to one of the carbon neighbors wi
C-H distance of 1.12 Å. Unlike in diamond or silicon, how
ever, the remaining carbon dangling bonds cannot fo
bonds to cause a significant Jahn-Teller distortion.~The re-
laxed distance between those carbon atoms is 3.38 Å, t
compared to a normal C-C bond length of 1.54 Å.! So the
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symmetry is close toC3v , the C-H bond being only 0.3° of
the @111# axis. The three dangling bonds give rise to
a8('a1) orbital in the valence band and a nearly degener
a8,a9(;e) pair in the lower half of the gap.51 The latter is
occupied only by one electron, which gives rise to accep
activity. The position of thise level in (VSi1H)2—where it
is doubly occupied—is atEV10.83 eV, i.e., closer to the CB
than the t2 of VSi

2 . It is interesting to note the analogie
between the electronic structure ofVSi

1 , which is close toTd

symmetry, and (VSi1H)0, which is close toC3v symmetry.
~Note that this symmetry difference disappears in hexago
polytypes.! Both systems have one unpaired electron wh
occupies an otherwise empty degenerate level. The co
sponding orbitals in the two systems are very similar. S
density maps of the singly occupied orbitals are given
Fig. 7.

The (1/0/2/22/32) occupation levels of (VSi1H), es-
timated from the 128-atom calculation, are atEV10.32,
10.66, 11.21, and11.81 eV, respectively~see Fig. 5!.
This implies that (VSi1H) is negatively charged inn-type
3C-SiC, i.e., it is a very effective electron trap. A simila
behavior can be predicted for the hexagonal polytypes
well. Considering its (1/0) occupation level in 3C-SiC, in-
terstitial H will be attracted byVSi unless the sample is
heavily n doped (EF.EV12.32 eV, when H is neutral! or
heavilyp doped (EF,EV10.43 eV, whenVSi is neutral!. In
hexagonal polytypes repulsion is likely for strongn doping.
~Fermi level positions are understood at the temperature
annealing.! In a weakly n-type sample~say with EF2EV

FIG. 6. The bonding configuration of a single hydrogen atom
a silicon vacancy of 3C-SiC.
2-6
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51.4 eV) the energy gain upon the formation of a sta
(VSi1H)22 complex is~calculated from the total energies o
the corresponding defects in the 128-atom unit!

VSi
221H1 ——→

2@2.451~EF2EV!#523.85 eV

~VSi1H!221h1. ~1!

This value can be regarded as a lower bound for the di
ciation energy at this Fermi level position. A second hyd
gen atom can also be trapped inVSi , although the energy
balance for neutral systems (p-type material! is
approximately52

23~VSi1H! →
10.48 eV

~VSi12H!1VSi . ~2!

In the (VSi12H) complex two carbon dangling bonds a
saturated and the symmetry isC2v . The other two dangling
bonds give rise to a doubly occupied level very close to
valence band~VB! and an empty level in the lower half o
the gap. Therefore, (VSi12H) is still an acceptor and ma
exist as both@VSi12H#2 and @VSi12H#22.53 The (0/2/
22) occupation levels are atEV10.57 and11.38 eV, re-
spectively. That means that we obtain both the (0/2) and the
(2/22) occupation levels ofVSi , (VSi1H), and (VSi
12H) within about 0.2 eV~see Fig. 5!.

As a consequence further H1 interstitials can be attracte
electrically to (VSi12H)2q in all but stronglyp-type mate-
rial. Only (VSi14H) is expected to be electrically an
chemically passive. (VSi13H) and (VSi14H) complexes

FIG. 7. The spin distribution inVSi
1 and (VSi1H)0 in the plane

shown in the middle figure. The arrow serves to orient the figu
The contours connect points of equal density.
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are, however, increasingly metastable with respect to isola
(VSi1H) complexes~in p-type material!:52

33~VSi1H! →
10.81 eV

~VSi13H!123VSi , ~3!

43~VSi1H! →
11.34 eV

~VSi14H!133VSi . ~4!

Therefore, they will be created only if@H# @@VSi#. It is
interesting to note, however, that

VSi1H2 →
28.00 eV

~VSi12H!. ~5!

Therefore, molecules will be captured and dissociated
silicon vacancies.

The calculated stretching mode frequency of the C
bond in (VSi1H) is 2961 cm21. Substituting H with D shifts
the frequency to 2170 cm21. In (VSi12H) the two C-H
bonds gives rise to a symmetric and an asymmetric com
nation at 3051 and 2999 cm21, respectively. Substituting
one H atom with D will shift them to 3014 and 2206 cm21,
while (VSi12D) will have frequencies at 2229 an
2200 cm21.

D. One or two hydrogen atoms in a carbon vacancy

The ‘‘longer’’ dangling bonds of Si inVC easily make
bonds between the vacancy neighbors~across an unrelaxed
distance of a mere 3.1 Å), causing considerable Jahn-Te
distortion toD2d . Our geometry~2.6% inward breathing and
7.7% pairing distortion47!, as well as the formation energ
~4.49 eV, see Table I! and the (21/0) occupation level~at
EV11.55 eV, calculated without the gap correction in t
128-atom unit!, agree very well with the corresponding re
sults of Ref. 39 (2.8%, 10.6%, 4.30 eV, andEV
11.57 eV). With all corrections applied, we obtain the (
1/0) occupation level atEV11.93 eV. The (0/2) occupa-
tion level is almost degenerate with the CB edge.54

Due to the Jahn-Teller distortions ofVC, which are simi-
lar to the vacancies in elemental semiconductors, a bond
configuration similar to that known from silicon55,56 is ex-
pected in the case of (VC1H), i.e., hydrogen saturating on
of the Si dangling bonds, two other dangling bonds formi
a long bond~causing significant pairing of the Si atoms co
cerned!, and one dangling bond remaining (C1h symmetry!.
However, for the (VC1H) complex in SiC~both 3C and
4H), the situation is very different.29 TheC1h structure with
one Si-H bond turns out to be metastable. Hydrogen i
symmetric position (C2v) between two Si atoms, forming
three-center bond~see Fig. 8!, is more stable by 0.5 eV in the
32-atom calculation. The resulting electronic structure
very similar to that of the bond-center H interstitial in silico
and diamond. The electron density shows that the two-ce
long bond between two Si neighbors of the reconstruc
carbon vacancy becomes a three-center bond, envelopin
H atom between the two Si atoms. The one-electron le
corresponding roughly to this bond is in the valence ba
The electron introduced by the H atom finds its place on

s.
2-7
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antibonding combination of thesp3 hybrids of its neighbors,
so that the H atom is at the node of this orbital. The over
ordinated bond-center interstitial is unique to elemen
semiconductors.22 SiC seems to be the first example for
entering a three-center bond when trapped in a vacancy.
reason probably is that the Si-Si distance across the ca
vacancy in SiC is about 3.1 Å, while the normal Si-H bo
length is;1.5 Å, so the H atom can interact with at lea
two Si atoms. Still, this alone does not explain the prefere
of H for the three-center bonded configuration over the n
mal two-center bonded one~where the Si-H bond distance
1.46 Å and H is about 2.2 Å away from the silicon ato
with the dangling bond!. It is interesting to note that the
relaxed Si-Si distance around HBC in Si is 3.2 Å,27 i.e., al-
most identical with the Si-Si distance, 3.1 Å, across the
relaxed carbon vacancy in SiC. The three-center bonded
figuration of Fig. 6 can be formed without significa
relaxation of the host atoms, while the two-center bond
configuration is accompanied by a 7% outward relaxation
the Si atom with the dangling bond. This also means, ho
ever, that the energy of a three-center bonded Si-H-Si un
comparable—within the order of the relaxation energies~a
few tenths of an eV!—to the energy of the two-cente
bonded Si-H unit and a Si dangling bond.

The one singly and the one doubly occupied level ass
ated with neutral (VC1H) in the gap of 3C-SiC ~the latter
corresponds to the long bond in Fig. 8! allow in principle the
existence of three positive charge states,~11!, ~21!, and
~31!. (VC1H)1 has essentially the same structure as
neutral defect (0.3 eV more stable than the configurat

FIG. 8. The bonding configuration of a single hydrogen atom
a carbon vacancy in 3C-SiC.
24520
-
l

he
on

e
r-

-
n-

d
f
-
is

i-

e
n

with the two-center Si-H bond!. In the double positive state
the two configurations are nearly equally stable~within 0.05
eV!, while in the (31) state a very weak single Si-H bon
and three empty dangling bonds establishC3v symmetry. In
other words the (VC1H) system is bistable. We have calcu
lated the relative stabilities of the different charge states a
function of the Fermi level position~see Figs. 5 and 9!. The
(21) charge state is not stable for any Fermi level positio
i.e., the system shows negativeU behavior. The calculated
(31/11/0) occupation levels are atEV11.31 and
11.93 eV. The latter is within 0.01 eV of the value obtain
for the (21/0) level of VC. It should also be noted that th
(VC1H)0 complex has similar electronic structure toVC

2 .
Spin density maps of the singly occupied orbitals are giv
in Fig. 10. As can be seen the spin distribution is nea
identical for the two complexes.

Considering the occupation levels of interstitial H a
VC, it can be seen that they do not repel each other only
EV11.93,EF,2.40 eV, but at no position of the Ferm
level is there attraction between them.@The latter will be
more or less true for hexagonal polytypes, since we exp
the (0/2) or (0/22) occupation level ofVC to appear in the
larger gaps aroundEV12.4 eV, where the1/2 occupation
level of H is expected as well.# In p-type material formation
of the complex from isolatedVC and Hi is retarded due to the
Coulomb repulsion. However, if it is created, e.g., in epita
ial growth, the (VC1H)31 complex is stable with respect t
the isolated constituents. From the total energies of the
responding defects obtained in the 128-atom unit,

~VC1H!31 →
11.26 eV

VC
211H1, ~6!

which is about 1/3 of the binding energy of H toVSi . The
weak bonding is characteristic of the (31) charge state. In
n-type material, say atEF2EV52.0 eV, the bonding energy
of H in VC ~the lower bound to dissociation! is

~VC1H!0 ——→
1@0.561~EF2EV!#512.56 eV

VC
01H11e2, ~7!

which is, however still less than 2/3 of the value obtained
Eq. ~1!. So, if both types of vacancy are present in sufficie
concentration, interstitial hydrogen prefers complex form
tion with VSi over VC both kinetically and thermodynami
cally under equilibrium conditions.

Introducing a second hydrogen intoVC establishes an-
other three-center bonded configuration between the o
l the
FIG. 9. The stability of the charged states of (VC1nH) defects with respect to the neutral state. At any position of the Fermi leve
charge state with the lowest energy is stable. All three systems show negativeU behavior, but onlyVC1H is bistable.
2-8
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two Si neighbors of the vacancy~see Fig. 11!. The Si-H-Si
bridges become more puckered: the angle being 155°
Si-H distances of 1.64 Å and a H-H distance of 1.61 Å. T
system is most probably a biradical~two electrons with op-
posite spins on two spatially orthogonal antibonding orbita!
with D2d symmetry. A biradical is beyond the scope of
one-electron theory, like the LDA, so we have calculated
triplet state of the defect inD2d symmetry instead~two elec-
trons with parallel spin on two spatially orthogonal antibon
ing orbitals!. The system is a double donor with a doub
degeneratee state 0.23 eV below the CB edge.

We have also calculated the singly and doubly posit
charge states of (VC12H). If (VC12H)0 is calculated in the
singlet state, the geometry distorts fromD2d to D2 ~and the
energy is higher than that of the triplet state!. (VC12H)1

preserves theD2 symmetry~with a small margin overC2v),
while (VC12H)21 is D2d again. In order to calculate th
occupation levels, we have assumed that (VC12H)0 has a
D2d singlet many-electron ground state~just asVSi

0 has aTd

FIG. 10. The spin distribution inVC
2 and (VC1H)0 in the plane

shown in the middle figure. The arrow serves to orient the figu
The contours connect points of equal density.
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singlet one!, and this is also;0.1 eV more stable than th
triplet in the same symmetry~as was obtained forVSi

0 in Ref.
49!. Comparison of the energies as a function of the Fe
level position shows that the system has a negativeU behav-
ior, i.e., (VC12H)1 is never stable in equilibrium. The (2
1/0) occupation level is aroundEV11.81 eV, with an un-
certainty in this case somewhat larger than60.15 eV. It is
interesting to note that allVC-based systems investigate
show negativeU behavior~Fig. 9!. For VC and (VC12H)
this originates from the reconstruction caused by the lo
bond formation between dangling bonds, and is similar to
case of vacancies in elemental semiconductors. In the ca
(VC1H) the reason is a change in the bonding of hydrog
and the instability of the paramagnetic (VC1H)21 state is
much more pronounced. The paramagneticVC

1 and (VC

12H)1 are only marginally unstable, and are likely to b
detectable by EPR under nonequilibrium conditions~e.g.,
under illumination!. These centers have similar spin distrib
tions, as can be seen on the spin density maps of the si
occupied orbitals in Fig. 12.

Since both (VC1nH) complexes are donors and the ca
ture of a third hydrogen atom is energetically not feasib
VC cannot be passivated by hydrogen. This is again unu
among semiconductors. The (VC1nH) centers are always
positively charged inp-type material, i.e., they are effectiv
hole traps.~This will apply for hexagonal polytypes, too.!

The formation energy per H atom is lower in (VC12H)
than in (VC1H) at any position of the Fermi energy. Th
emission of H from (VC12H) can be described by the rea
tion

~VC12H!21123h1 ——→
1@0.0312~EF2EV)]

~VC1H!311H1

~8!

in p-type and by

~VC12H!21/0 →
14.0

~VC!21/01H2 ~9!

in n-type 3C material. These equations show that once
(VC12H) complex is formed, it remains stable against int

s.

FIG. 11. The bonding configuration of two hydrogen atoms in
carbon vacancy of 3C-SiC.
2-9
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stitial hydrogen emission. However, if an excess of carb
vacancies is available, then inp-type material

~VC12H!211VC
21123h1

——→
1@21.2312~EF2EV!#

23~VC1H!31, ~10!

i.e., single-hydrogen complexes are more favorable energ
cally in p-type 3C-SiC. The reverse of Eq.~9! also shows
that VC can dissociate H2 molecules as well, although les
effectively thanVSi .

In the neutral charge state of (VC1H), the Si-H-Si unit
has an asymmetric and a symmetric stretch mode at 1
and 991 cm21, respectively. Both are IR and Raman activ
In the singly positive charge state, the loss of an elect
from an antibonding orbital stiffens the stretch modes
1770 and 1189 cm21. In the doubly positive charge state, th
two-center Si-H bond is characterized by a ‘‘normal’’ Si-
stretch mode of 2072 cm21. For the triply positive state the
geometry obtained with the Gaussian basis differed too m
from the one obtained with the plane wave basis, so
calculated frequency could be questionable. The pucke
of the Si-H-Si units in neutral (VC12H) softens the degen
erate asymmetric stretch modes to 976 cm21, and gives rise

FIG. 12. The spin distribution inVC
1 and (VC12H)1 in the

plane shown in the middle figure. The arrow serves to orient
figures. The contours connect points of equal density.
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to a strong splitting between the symmetric and antisymm
ric combination of the two symmetric ones. The Raman
tive symmetric combination is at 1332 cm21. In the doubly
positive state these frequencies shift to 1132 and 1205 cm21,
respectively. It has to be noted that some of these LVM’s
very close to the continuum of SiC vibrations, so the ac
racy is probably less than usual.

E. Formation energies of the one- and two-hydrogen defects
in 3C-SiC

The main motivation of our comparative study of hydr
gen defects is to establish their relative stability. For t
purpose, a formation energy can be defined based on the
energies calculated for the equilibrium of a system consis
of nSi silicon, nC carbon, andnH hydrogen atoms in theq
charge state~see, e.g., Refs. 39 and 57!:

Eform
q ~nSi ,nC,nH ;mSi ,mC,mH ,EF!

5Etot
q ~nSi ,nC,nH!2nSimSi2nCmC2nHmH1qEF .

~11!

Here EF is the Fermi energy~in other words the chemica
potential of the electrons!, i.e., the energy of the reservo
from which electrons are taken, which depends on the d
ing level and temperature of the real crystal. Similarly,mH is
the chemical potential of H, i.e., the energy of the reserv
from which H atoms are taken: H2 or atomic hydrogen gas in
equilibrium with the SiC crystal. It has to be taken into a
count that, in equilibrium with the SiC crystal, the chemic
potentials of silicon,mSi , and carbon,mC, are connected by
the relation

mSi1mC5mSiC
bulk . ~12!

Introducing

DmSi5mSi2mSi
bulk , DmC5mC2mC

bulk , ~13!

and taking into account that the formation enthalpy of SiC

DH f
SiC5mSiC

bulk2~mSi
bulk1mC

bulk!, ~14!

it follows that

DmSi1DmC5DH f
SiC. ~15!

Defining58

Dm5DmSi2
1

2
DH f

SiC5
1

2
DH f

SiC2DmC, ~16!

Eq. ~11! can be rewritten as

Eform
q ~nSi ,nC,nH ;mSi ,mC,mH ,EF!

5DEq~nSi ,nC,nH!2~nSi2nC!Dm2nHmH1qEF , ~17!

where the environment-independent relative energy of
defect

e

2-10
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DEq~nSi ,nC,nH!5FEtot
q ~nSi ,nC,nH!2

~nSi1nC!

2
mSiC

bulk

2
~nSi2nC!

2
~mSi

bulk2mC
bulk!G ~18!

does not contain either the chemical potential of the cons
ent atoms or that of the electrons. The chemical potential
the bulk were calculated as the energy per formula unit of
perfect SiC, silicon, and diamond supercells.~The small dif-
ference in the energy of graphite and diamond does not
troduce significant error.! Using these values, Eq.~14! gives
DH f

SiC520.64(20.71) eV in the 32-~128-!atom cells, to be
compared to the experimental value of20.72 eV.59

The tuning of the C/Si ratio during growth is theoretica
limited by (mC5mC

bulk) for C-rich conditions, and by (mSi

5mSi
bulk) for Si-rich conditions. So from Eqs.~13!, ~15!, and

~16! it follows that

1
1

2
DH f

SiC<Dm<2
1

2
DH f

SiC. ~19!

The total energyEtot
q (nSi ,nC,nH) in Eq. ~18! is calculated as

Etot
q ~nSi ,nC,nH!5ESCM

q ~nSi ,nC,nH!1EZP
q ~H! ~20!

whereESCM
q (nSi ,nC,nH) is the total energy of the superce

containing the defect with chargeq, andEZP
q (H) is the en-

ergy due to the zero point vibrations of the hydrogen ato
in that charge state.60 Table II shows calculated formatio
energies defined in Eq.~17! for the limiting cases in Eq.~19!,
as a function of the hydrogen chemical potential within t
stability limits set by the occupation levels in equilibrium~as
shown in Fig. 5!. ~Positive values mean that the formation
endothermic.! TheESCM

q (nSi ,nC,nH) values calculated in the
128-atom SCM were corrected for the spin-polarization
ror, as explained at the end of Sec. II. In the cases ofVSi

0 ,
(VSi1H)2, and (VC12H)0, an additional 0.1 eV was sub
tracted to estimate the energy of the singlet state from
LDA result on the triplet~cf. Sec. III C!.

In order to evaluate Table II, an expression formH is
needed. The chemical potential of hydrogen gas~both mo-
lecular and atomic! strongly depends on temperature a
pressure. FormH with respect to H2 and H gases we use th
formulas of Ref. 61, leading to

2 mH~H2!5E~H2!18.617 38631025T ln@1.267 865

3103p T27/2~12e2(6.3012153103)/T!#10.2715,

~21!

mH~H!5E~H!18.617 38631025T ln~19.314 058p T25/2!.
~22!

Here E(H2)5230.58 eV andE(H)5213.03 eV are the
energies of the H2 molecule and of the H atom, respectivel
calculated~with spin polarization in the latter case! in a large
supercell geometry using the same cutoff as in the cryst62
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p andT denote pressure and temperature given in atm and
respectively. Reasonable values ofmH range between213
and217 eV.

Another parameter in Eq.~17! and in Table II is the actua
position of the Fermi level, which depends not only on t
temperature and dopant concentration, but also on the
centration of the defects under study. Therefore, it has to
determined self-consistently from the neutrality condition

n1(
i

uqi u~NAi2pAi!5p1(
i

uqi u~NDi2nDi ! ~23!

where63

n5NCe2(EC2EF)/kBT, p5NVe2(EF2EV)/kBT ~24!

are the electron and hole concentrations in the CB and
respectively. The effective density of states has been ca
lated with the longitudinal and transversal electron mass64

0.247m0 and 0.677m0 for the CB (NC) and with the heavy
and light hole masses65 1.109m0 and 0.331m0 for the VB
(NV). The terms in parentheses in the summation on b
sides of Eq.~23! are the concentrations of ionized accepto
and donors~including all the electrically active H-related de
fects!. NAi andNDi are the total concentrations of accepto
and donors, respectively, whilepAi (nDi) is the concentration
of holes~electrons! in the acceptor~donor! states. The con-
centration of dopants and the temperature~T! were used as
free parameters, and the concentration of defects was
mated by

Ni5Ni
0e2E

form

qi /kBT, ~25!

i.e., assuming noninteracting defects and neglecting the
tropy term in the heat of formation (Ni

0 is the concentration
of sites in the perfect lattice for the given defect!. Once Eq.
~23! is solved, Eq.~25! supplies the equilibrium defect con
centrations.

IV. DISCUSSION

A. Hydrogenation of SiC

Of course, the most interesting question is which~if any!
of the defects described in the previous sections will
formed under given experimental conditions, i.e., when a
how much hydrogen can be expected in the crystal? We
not aware of any direct study on the hydrogenation
3C-SiC, but—as listed in the Introduction—there is a num
ber of reports, based on direct~SIMS! or indirect ~dopant
passivation! evidence, regarding the hydrogen content
4H- and 6H-SiC samples. In principle, our results allow u
to discuss only the situation in 3C-SiC, and even there only
rough estimates can be given for the hydrogen concen
tions. The uncertainties in our calculations may lead to
most order of magnitude differences in the concentratio
Still, the general dependence of H incorporation on tempe
ture and doping can be predicted and even qualitative
trapolation to hexagonal polytypes is possible. The extra
lation is based on the following argument.
2-11
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TABLE II. Defect formation energies in 3C-SiC, as defined by Eqs.~17!–~20!. The general error bar in relative stabilities and in t
position of the occupation level is expected to be60.15 eV, except for the lines marked with a,b, where additional sources of uncerta
exist. Reasonable values ofmH range between213 and217 eV. Ellipses indicate, that higher charge states may exist, but have not
calculated.

Defect Stability range Eform
q ~eV!

(EF2EV) ~eV! mSi5mSi
bulk ~Si rich! mC5mC

bulk ~C rich!

VC
21 0.00 – 1.93 1.05 – 4.90 1.76 –5.61

VC
0 1.93 – 2.41 4.90 – 4.90 5.61 – 5.61

(VC1H)31 0.00 – 1.31 (214.452mH) –(210.522mH) (213.752mH) –(29.812mH)
(VC1H)11 1.31 – 1.93 (210.522mH) –(29.902mH) (29.812mH) – (29.202mH)
(VC1H)0 a 1.93 – 2.41 (29.902mH) – (29.902mH) (29.202mH) – (29.202mH)
(VC12H)21 0.00 – 1.81 23(214.362mH) – 23(212.552mH) 23(214.012mH) – 23(212.202mH)
(VC12H)0 a, b 1.81 – 2.41 23(212.552mH) – 23(212.552mH) 23(212.202mH) –23(212.202mH)
VSi

0 a, b
••• –0.43 8.87 – 8.87 8.16 – 8.16

VSi
12 a 0.43 – 1.33 8.87 –7.97 8.16 – 7.26

VSi
22 a 1.33 – ••• 7.97 –••• 7.26 – •••

(VSi1H)0 a 0.32 – 0.66 (27.942mH) – (27.942mH) (28.642mH) – (28.642mH)
(VSi1H)12 a, b 0.66 – 1.21 (27.942mH) – (28.492mH) (28.642mH) – (29.192mH)
(VSi1H)22 a 1.21 – 1.81 (28.492mH) – (29.692mH) (29.192mH) – (210.392mH)
(VSi1H)32 1.81 – 2.41 (29.692mH) – (211.492mH) (210.392mH) – (212.192mH)
(VSi12H)0

••• – 0.57 23(212.482mH) – 23(212.482mH) 23(212.832mH) – 23(212.832mH)
(VSi12H)12 a 0.57 – 1.38 23(212.482mH) – 23(212.892mH) 23(212.832mH) – 23(213.242mH)
(VSi12H)22 1.38 – 2.41 23(212.892mH) – 23(213.922mH) 23(213.242mH) – 23(214.272mH)
(H2)TSi

0.00 – 2.41 23(212.912mH)
HABC

1 0.000 – 2.320 (214.2552mH) — (211.9352mH)
HABC

0 2.320 – 2.405 (211.9352mH) — (211.9352mH)
HTSi

2 2.405 – 2.410 (211.9352mH) — (211.9402mH)

aThe values used here were corrected for the spin-polarization error, as explained at the end of Sec. II.
bAn additional 0.1 eV was subtracted to estimate the energy of the many-electron singlet state from the LDA result on the tr
explained in Sec. III C.
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~i! The stability of a charged complex may vary with
several eV, depending on the position of the Fermi level.
can be seen from Table II, neutral hydrogen complexes t
cally have a rather high formation energy. The formati
energy decreases in the positively charged states becaus
ergy is gained by having promoted electrons from the de
to the Fermi level if the latter lies lower. Similarly, in th
negatively charged states, energy is gained by having
moted electrons from the Fermi level to the defect if t
former lies higher. The highest concentration of the defe
therefore, occurs for the highest charge state at the hig
level of doping, i.e., whenEF is farthest from the occupatio
level ~theoretically atEF5EV or EF5EC). Since the VB
offset is very small between the polytypes, assuming a ne
identical position for the1/0/2 occupation levels of a given
defect with respect to the VB edges~and no higher charge
states!, the formation energy of the positive defect will b
about the same in all polytypes, while the negative defect
decrease its energy in the hexagonal polytypes becausEF
can move farther up.

~ii ! We know from Refs. 38 and 39 that the formatio
energy of the neutral vacancies changes by less than 0.4
while the~uncorrected! occupation levels differ only by les
than 0.1 eV between the 3C- and 4H-polytypes. Based on
the convergence properties shown in Table I, the (V1nH)
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defects appear to be more localized than pure vacanc
Therefore, we expect that the polytype dependence of
occupation levels and formation energies for these def
will not be bigger than our error bar in the 128-atom 3C-SiC
calculation. In the case of interstitial H, we predicted
(1/2) occupation level at aroundEV12.4 eV but little
change in the energy of the charged states~Sec. III A!. We
expect no significant difference between the polytypes
H2. Therefore, the conclusions drawn about defects inp-type
3C-SiC are qualitatively valid also inp-type 6H- and
4H-SiC. In n-type material, significantly higher stability an
1–2 orders of magnitude higher concentration of negativ
charged complexes can be expected in hexagonal polyt
than in 3C-SiC.

Hydrogen can be introduced into SiC during epitax
CVD growth, by hydrogen-plasma treatment, by annealing
H2 gas, or by H1 (D1,H2

1 ,D2
1) implantation. These pos

sibilities will be investigated in the following.

1. CVD epilayers

CVD growth proceeds at atmospheric pressure at aro
140021500 °C and the source gases~mostly silane and pro-
pane! are usually introduced by diluting a few percent
them in a H2 carrier gas~see, e.g., Ref. 6!. Although, strictly
2-12
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TABLE III. Calculated concentrations of hydrogen defects (.1012 cm23) in 3C-SiC assuming equilibrium with hydrogen gas und
CVD growth conditions.@Hi # is the interstitial hydrogen concentration,@V1nH# and @V# mean the concentrations of all the charged (VC

1nH) andVC defects inp-type and all the charged (VSi1nH) andVSi defects inn-type material~all others are negligible under the give
conditions!. EF2EV is the Fermi level position with respect to the VB edge under the given conditions.

Conditions Net carrier p-type (BSi), mC5mC
bulk n-type (NC), mSi5mSi

bulk

conc. (cm23) 1019 1018 1017 1016 1016 1017 1018 1019

1400 °C EF2EV ~eV! 0.57 0.90 1.18 1.26 1.28 1.36 1.65 1.96
1 atm H2 @Hi # 5.731014 6.131013 8.531012 4.831012 4.331012 2.431012

mH5216.51 eV @V1nH#

@V# 8.831013 1.031012

1400 °C EF2EV ~eV! 0.57 0.90 1.18 1.26 1.28 1.36 1.65 1.96
0.01 atm~H! @Hi # 3.031016 3.231015 4.531014 2.531014 2.231014 1.331014 1.831013 2.031012

mH5215.94 eV @V1nH#

@V# 8.831013 1.031012

1500 °C EF2EV ~eV! 0.62 0.96 1.22 1.27 1.28 1.33 1.59 1.92
0.01 atm H @Hi # 1.531016 1.631015 3.031014 2.131014 2.031014 1.431014 2.631013 3.031012

mH5216.14 eV @V1nH#

@V# 1.531014 1.731012
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speaking there is no equilibrium during growth, a station
state can be assumed between the concentrations of h
gen in the gas phase and hydrogen in the crystal. At
temperature of CVD growth a fraction of the H2 carrier gas
dissociates. In the vicinity of the surface the incorporat
reactions of the host and dopant atoms~from the precursor
molecules! also release atomic hydrogen. We may assu
about 1% atomic H in the vicinity of the surface. Table
shows the estimated hydrogen concentrations in as-gr
3C-SiC, assuming equilibrium with either 1 atm of H2 at
1400 °C, or with 0.01 atm of H at 1400 and 1500 °C, for n
carrier concentrations between 1016 and 1019 cm23 in
B-dopedp-type and N-dopedn-type material. All calculated
concentrations above 131012 cm23 are given in Table III. It
is apparent that detectable concentrations of hydrogen c
plexes occur only inp-type material and the atomic hydroge
content of the gas is responsible for most of the incorpo
tion. In p-type material (NA2ND.0), the most abundan
hydrogen defect created during growth is the atomic~posi-
tively charged! interstitial. The hydrogen concentration in
creases monotonically with the net hole concentration.

In p-type 6H-SiC samples it was shown by SIMS th
hydrogen incorporation follows the boron concentrati
closely6 with @H# having the same order of magnitude as@B#.
It was assumed that boron and hydrogen are grown into
sample as a complex. For samples with@B#51
31018 cm23 the net carrier concentration was found to
@p#53.531017 cm23. Under such conditions our calcula
tions predict an interstitial hydrogen concentration of
31016 cm23. If we assume that hydrogen grows into th
lattice next to a boron atom@which was not considered in Eq
~23! but is quite reasonable because of the B2H6 source# its
energy of incorporation is lowered by the binding energy
the complex. Assuming a (1/2) occupation level for Hi at
EV12.4 ~Sec. III A! in 6H-SiC, our Eqs.~23!–~25! require a
decrease of about 0.8 eV in the formation energy, to obta
hydrogen concentration of 1018 cm23. This gives an estimate
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of the binding energy of such a~B1H! complex. Even if we
do not assume the formation of a chemically bonded co
plex, a positive charge placed at theTSi site next to B2 on
the Si site in the unrelaxed lattice would give rise to a Co
lomb attraction of 0.8 eV. In that sense, our result is cons
tent with the measurement and assumption of close~B1H!
pairs of Ref. 6. Inn-type 3C-SiC our results imply that the
hydrogen incorporation appears to be negligible dur
growth.@This seems to hold for hexagonal polytypes as w
even with the higher stability of negatively charged defec
Assuming no change in the position of occupation levels
simply increasing the gap in Eq.~23! to 3.25 eV (4H-SiC)
gives (VSi1nH) concentrations on the order o
1011212 cm23.# It is interesting to note the trends in the fo
mation energy of the neutral vacancy-type defects upon
drogenation. As can be calculated from Table II, in the c
of (VC1nH), the formation energy at 1400 °C in equilib
rium with 0.01 atm atomic H (mH5215.94 eV) under Si-
rich conditions increases from 4.90 to 6.04 to 7.78 eV, wh
in the case of (VSi1nH) the formation energy under C-ric
but otherwise the same conditions decreases from 8.16 e
7.30 to 6.22 eV forn50,1,2 respectively. The reason is th
some of the energy needed to create the vacancy and i
duce a H atom into the crystal is regained by the format
of C-H or Si-H bonds in the hydrogenated vacancy. In t
case of (VSi1nH), the strong C-H bonds offset the energy
interstitial H incorporation, while in (VC1nH) the weaker
Si-H bonds do not. In a hydrogen-free environment the f
mation energy ofVSi

0 is 2.55 eV higher than that ofVC
0 even

under C-rich conditions, whereas in the presence of hyd
gen the formation energy of (VSi12H)0 becomes 0.63 eV
lower than that of (VC12H)0. Sincen can go up to 4 in
(VSi1nH) but only to 2 in (VC1nH), the presence of hy-
drogen is expected not only to reverse the relative conc
trations ofVC- andVSi-type defects but to cause the conce
tration of ~hydrogenated! silicon vacancies to increase t
2-13
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TABLE IV. Calculated concentrations of hydrogen defects (.1012 cm23) in 3C-SiC assuming equilibrium of the stoichiometric cryst
with hydrogen gas.@V1nH# and @V# mean the concentrations of all the charged (VC1nH) andVC defects inp-type and all the charged
(VSi1nH) andVSi defects inn-type material~all others are negligible under the given conditions!. EF2EV is the Fermi level position with
respect to the VB edge under the given conditions.

Conditions Net carrier conc.
~cm23!

p-type (BSi), mC5mSi n-type (NC), mC5mSi

1019 1018 1017 1016 1016 1017 1018 1019

300 °C EF2EV ~eV! 0.90 1.02 1.13 1.24 1.71 1.77 1.83 1.89
0.03 atm H @Hi # 1.031019 9.831017 1.031017 1.031016

mH5213.84 eV @V1nH# 2.531013 4.931015 5.031016 5.031017 5.131018

@V#

1700 °C EF2EV ~eV! 0.72 1.09 1.26 1.28 1.29 1.31 1.48 1.84
1 atm H @Hi # 4.231017 4.831016 1.831016 1.531016 1.531016 1.331016 4.831015 5.831014

mH5215.75 eV @V1nH# 1.231012

@V# 2.631015 3.531013 4.631012 3.631012 3.531012 2.631012

1700 °C EF2EV ~eV! 0.72 1.08 1.26 1.28 1.29 1.31 1.48 1.84
10 atmH2 @Hi # 2.731015 3.231014 1.131014 1.031014 1.031014 8.331013 3.031013 3.731012

mH5216.61 eV @V1nH#

@V# 2.631015 3.831013 4.631012 3.631012 3.531012 2.631012
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detectable levels~especially in hexagonal material!. Finally,
note that hydrogen incorporation is primarily governed
the position of the Fermi level. The closer it is to the ba
edges, the more favorable are conditions for the charged
drogen defects. Therefore, a decrease of temperature
creases hydrogen incorporation during growth.

2. Hydrogen-plasma treatment

Plasma treatment is also a nonequilibrium process
apart from the surface region, a stationary state between
concentration of atomic H (H11e2) in the plasma and hy
drogen in the crystal can be assumed. The concentration
hydrogen defects in a stoichiometric 3C-SiC crystal in equi-
librium with 0.03 atm H at 300 °C~typical temperature and
pressure of H-plasma treatments! is shown in Table IV. Un-
der such conditions Eq.~22! givesmH5213.84 eV. As can
be seen, the interstitial hydrogen incorporation inp-type
samples equals the net carrier concentration while no sig
cant amount of (VC1nH) is created. On the contrary, (VSi
1nH) defects are dominant inn-type samples: quantitie
equal to half the net carrier concentration are created
3C-SiC.

3. Annealing in hydrogen

In contrast to the above processes, in the case of ann
ing in H2, the crystal is indeed in equilibrium with the am
bient gas. The only successful experiment of this kind w
carried out on 6H-SiC at p510 atm betweenT51400 and
1700 °C.7 Table IV contains concentrations calculated in s
ichiometric 3C-SiC assuming equilibrium with 10 atm H2 at
T51700 °C. At this temperature 10% of hydrogen is a
sumed to be atomic, so data are also given for equilibri
with 1 atm H. ~The correspondingmH values are
216.61 eV for H2 and215.75 eV for H.! Here, the concen-
tration of atomic~positive! H is still significant in highly
dopedn-type samples as well. Again, the atomic hydrog
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content of the gas is more effective. The concentration
atomic interstitial hydrogen in highly dopedp-type samples
is somewhat lower than in the case of the plasma treatm
In contrast, inn-type material, the concentration of (VSi
1nH) defects is low.~The latter may reach detectable leve
in hexagonal polytypes.!

4. Implantation

Implantation can obviously create almost any nonequi
rium concentration of hydrogen along with intrinsic defec
The relative stabilities per hydrogen atom and the bind
energies of H and H2 in vacancies, as given in Eqs.~1!–~8!,
can serve as a guide to the complexes arising in the pos
nealing process. It is interesting to note that, unlike in Si, H1

is the most stable interstitial form inp-type and intrinsic
3C-SiC. In n-type material, however, H2 is more stable than
H2. This could explain the observation that hydrogen d
fuses considerably more slowly inn-type than in p-type
samples.19 It has to be noted, however, that diffusion aft
implantation should be limited primarily by trapping in sil
con vacancies@cf. Eqs.~1! and ~6!#. Our calculated binding
energies betweenVSi and H are within the bounds deduce
from experiments.17,18

B. The effect of hydrogen on carrier concentration in SiC

Hydrogen is best known in semiconductor technology
passivating carrier traps arising due to the dangling bond
amorphous silicon solar cells. This kind of passivation
meant both in the chemical and the electrical sense: ato
hydrogen reacts with the free valence of a silicon atom,
tablishing a chemical bond. The bonding combination of
silicon sp3 hybrid with the hydrogen s orbital becomes do
bly occupied and is pushed into the valence band, while
antibonding combination is empty and is shifted into the co
duction band. As a consequence no electrically active s
remains, i.e., in the usual formulation the carrier trap co
2-14
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nected with the dangling bond is removed from the gap
crystalline semiconductors the most important intrinsic c
rier traps are vacancies. Hydrogen passivates the vacan
crystalline silicon and~see Sec. III C! the silicon vacancy in
3C-SiC as well. The effectiveness of hydrogen passivat
of traps depends on the way hydrogen is introduced. H
temperature plasma anneals may create (VSi1nH) electron
traps (n,4) in n-type hexagonal samples, instead of pas
vating the existingVSi ones. In contrast to the case ofVSi ,
the carbon vacancy in SiC~in both cubic and hexagona
forms; see Sec. III D! can be passivated by hydrogen in t
chemical sense only, but the hole trap behavior remains
cause of hydrogen entering three-center bonds between
silicon atoms, instead of saturating one dangling bond.
drogen can passivate dopants as well, forming complexe
which no free valence remains.~H is not necessarily bonde
to the dopant.! Alternatively, the electrical activity of hydro
gen defects~away from the dopant! may compensate that o
the dopant. In Sec. III A we have shown that interstitial h
drogen is a shallow donor in 3C-SiC, more abundant in
p-type material. Therefore, compensation of acceptors is
pected there. In hexagonal material Hi is likely to be an
amphoteric carrier trap, since we predict the (1/2) occupa-
tion level at aroundEV12.4 eV, i.e., farther away from the
CB. Comparing the (1/0) occupation level atEV12.3 in
3C-SiC ~or the 1/2 occupation level expected at aroun
EV12.4 in hexagonal polytypes! with that of the shallow
dopants~Fig. 4!, the formation of acceptor-hydrogen com
plexes is strongly favored because of the Coulomb attrac
of the oppositely charged centers. The formation of~Al-H !
complexes has been reported inp-type material.12 No such
attraction occurs between H and the shallow donors
3C-SiC. However, regarding the (1/2) occupation level of
Hi , as quoted above, and the higher lying (1/0) level of the
shallow donors, we expect attraction in hexagonal mate
Still, due to the low abundance of interstitial hydrogen
n-type as-grown or plasma-treated SiC, neither passiva
by complex formation nor compensation of donors can
expected in 3C-SiC. In n-type hexagonal polytypes, wher
donor1 hydrogen complexes may form due to their mutu
attraction, high temperature H2 annealing can create oberv
able concentrations~see the Hi concentrations shown in
Table IV!, although we expect them to be at least an orde
magnitude lower than those of the acceptor-hydrogen c
plexes inp-type samples. The main effect of hydrogen
n-type samples is the formation of (VSi1nH) electron traps.
Exposure of n-type material ~especially hexagonal poly
types! to atomic hydrogen, therefore, may result in a d
crease of then-type carrier concentration. The presence
hydrogen inp-type hexagonal material after low temperatu
hydrogen-plasma treatment has been confirmed throug
passivating effect.9,10 At a doping level of 731017 cm23 the
passivation was much more prevalent inp-type than in
n-type samples after a low temperature ECR plas
treatment.10 dc plasma treatment in the same doping ran
@(0.2–3)31018 cm23# but at higher temperatur
(300–700 °C) showed a free carrier decrease inn-type ma-
terial due to intrinsic defect formation.14 These findings seem
to be qualitatively consistent with the discussion here, a
24520
n
-
in

n
h

i-

e-
wo
-
in

-

x-

n

n

l.

n
e

l

f
-

-
f

its

a
e

d

the predictions of Table IV. In CVD-grown epitaxial SiC
layers hydrogen may have a fourth way of influencing t
carrier concentration~in addition to dopant passivation o
compensation and carrier trapping!. Doping in this case is
realized in growth based on the site competition mechanis4

By tuning the C/Si ratio, the access of N to C sites or of B
Si sites is facilitated. Obviously, if hydrogen is present, the
is one more possibility and H may fill the vacancies befo
the dopants get there. As shown above, hydrogen incorp
tion is substantial only inp-type samples, so the formatio
energy of BSi and of (VSi14H) should be compared. There
fore, we have calculated the total energy of a 32-atom S
containing boron in the substitutional position on the Si s
Under C-rich conditions and assuming the limit of the bor
chemical potential to be equal to that in a boron crystal,66 the
formation energy of neutral BSi is 0.27 eV.~Note that this is
only a rough estimate, for the 32-atom unit is definitely t
small for a shallow acceptor.! Estimating also the formation
energy of neutral (VSi14H) from the available data~see the
discussion about CVD epilayers in Sec. IV A! gives a value
very much higher than this, so hydrogen does not hin
boron incorporation. During the annealing process after
ron implantation, however, Bi and Hi compete for the exist-
ing VSi defects. Using Eqs.~1! and~4!, the energy gain of the
reaction

VSi14Hi→~VSi14H! ~26!

can be estimated to be 8.4 eV, while the gain of the reac

VSi1Bi→BSi ~27!

is only about 7.9 eV.34 Therefore, hydrogen may restrict th
activation efficiency of the implanted boron. Work in th
direction is in progress.

C. Detection of hydrogen-related defects in SiC

1. Vibrational spectroscopy

The only unambiguous signature of hydrogen in S
comes from PL experiments,15,16 where the phonon replica
were assumed to arise from the local C-H modes in (VSi
1H). The stretching mode frequency we calculated
3C-SiC, 2961 cm21, is well within the range measured i
6H-SiC (2962,2977,2988 cm21) and in 4H-SiC
(2959,2985 cm21). Our results also explain why these si
nals were seen only inp-type material and why no Si-H
modes around 2100 cm21 were observed. SinceVSi is nega-
tively charged during the post implantation anneal for alm
all practical levels of doping whileVC is positive inp-type
material, H1 will predominantly form (VSi1H) complexes.
@The binding energy is also higher in (VSi1H) than in (VC
1H).# However, the equlibrium concentration of hydroge
is very low inn-type material.~In stronglyn-type hexagonal
samples Hi is negative and will be repelled by both vaca
cies.! The presence of (VC1H) defects can only be expecte
in p-type CVD epilayers grown under Si-rich conditions
in plasma-treated samples. Even there, the Si-H stretc
modes will be far outside the 2100–2300 cm21 range ex-
pected, as explained in Sec. III D.
2-15
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2. Paramagnetic resonance

The present study does not allow us to elaborate on
quantitative aspects of hydrogen-related paramagnetic
ters, but we would like to comment on the detectable o
and their symmetry.

We do not expect a readily detectable EPR signal fr
interstitial H in 3C-SiC, partly because of the low relativ
stability of the neutral charge state~Sec. III A!, but more
importantly because of the many possible ways a neu
interstitial H can get trapped at other defects. Paramagn
states of the (V1nH) defects should be observable inp-type
CVD epilayers after electron irradiation and heat treatm
~see Table III!. Still, no paramagnetic H-related defect h
yet been reported, even thoughVSi ~Refs. 46 and 67–69! and
VC ~Ref. 70! appear to be easily seen in all polytypes by E
or optically detected magnetic resonance~ODMR!. Among
the (VC1H) complexes (VC1H)0, (VC1H)21, and (VC
12H)1 are paramagnetic. The latter is marginally unsta
in equilibrium, similar toVC

1 , but may have a considerab
lifetime under nonequilibrium conditions. The (VC1H) sys-
tem is bistable~i.e., the 31 charge state has a different co
figuration from that of the 11 and neutral charge states!, and
thus we do not expect (VC1H)21 to manifest itself. We note
that practical measurements are carried out mostly un
nonequilibrium conditions, unless the sample is cooled do
very slowly in the dark. As mentioned in Sec. III D,VC

1 and
(VC12H)1 have very similar spin distributions~Fig. 12!.
However, in 3C-SiC VC

1 hasD2d while (VC12H)1 hasD2

symmetry.
An observed EPR center (T5) with D2 symmetry was

assigned toVC
1 in electron irradiated CVD layers of 3C-SiC

by Itoh et al.70,71 This assignment is rather curious, since
positively charged vacancy should undergo aD2d rather than
a D2 distortion.72 This is also what the present and othe39

calculations find. TheT5 center has only been observed
p-type and not even in weaklyn-type 3C-SiC. Itoh et al.
explain this by assuming that the (1/0) occupation level is
at midgap, and the defect is not in the paramagnetic sta
n-type samples. This explanation also contradicts the
First, VC is a negativeU system, soVC

1 could only be ob-
served under nonequilibrium conditions~e.g., in light!, but
then it could be observed inn-type samples as well. Secon
calculations unequivocally predictVC to have a donor leve
well in the upper half of the gap. Assigning theT5 center to
(VC12H)1 instead would allow a more consistent interpr
tation of the results. This complex does haveD2 symmetry,
and it can be formed during electron irradiation if there is
sufficient amount of interstitial hydrogen in the as-grow
epilayers. As can be seen from Table III, the detection li
of the concentration of mobile, interstitial hydrogen shou
occur when the Fermi level is somewhere below midg
Therefore, H-related defects, such as (VC12H) can only be
observed inp-type samples and not even in weaklyn-type
samples. TheT5 center anneals out around 200 °C with
activation energy of 1.45 eV. This was interpreted by It
et al. as the activation energy ofVC diffusion. We may as-
sume that this is indeed the case, and still assign theT5
signal to (VC12H). Then, however, the disappearance of
24520
e
n-
s

al
tic

t

e

er
n

in
y.

-

it

.

e

T5 signal should be connected to the reactions given by
~10!, i.e., to the redistribution of hydrogen in the vacancie
An alternative could be the decomposition of the (VC12H)
complex into (VC1H) as in Eq.~8!. It is difficult to tell
where the Fermi level is after electron irradiation. Assumi
an energy balance of 1.45 eV in Eqs.~8! and ~9! gives EF

2EV50.7 eV, which is not unreasonable.
Based on symmetry and spin distribution, it is also po

sible that the EI1 center, which has been seen only inp-type
hexagonal material,73 could be assigned to (VC1H)0. It
should be noted that the EI1 andT5 centers are very simila
in g value, the strength of the hyperfine interaction with t
nearest Si neighbors, and the annealing behavior. The e
tronic structure of the EI5 center in 4H- and 6H-SiC, which
was recently identified by ESR asVC

1 ,74 is, however, very
different from that of theT5 center:70,71 in the case of the
EI5 center, the hyperfine interaction with the nearest
neighbors is about two times larger than that of theT5 cen-
ter. The EI5 center is also stable at higher temperature
compared to theT5 center~the EI5 center is observed afte
electron irradiation at 400 °C). As mentioned in Sec. III
(VC1H)0 andVC

2 both haveC2v symmetry and very similar
spin distribution~see Fig. 10!. Annealing around 200 °C re
moves the EI1 center, together with the EI3 (S51) center
@cf. Eq. ~6!#. At the same time two new, similar spect
appear.74 It is conceivable that EI1 and EI3 correspond
(VC1H)0 and the triplet charge state of (VC12H)0 observed
under nonequilibrium conditions: their disappearance is c
nected with their dissociation—and the possible appeara
of the trueVC signals.

We note that anS51 center withC3v symmetry was
found75 using ODMR in 3C-SiC and assigned to a comple
of VSi with another defect. It is tempting to identify thi
defect with the triplet state of (VSi1H)2, assuming that the
wet etching applied to remove the Si substrate introdu
hydrogen in addition to the amount grown in during epitax
growth.

3. Deep level transient spectroscopy

To the best of our knowledge, the only DLTS study r
lated to hydrogen was carried out in 6H-SiC epilayers grown
by CVD and dopedn-type to 1015–1016 cm23.20 The
samples were first irradiated by electrons, then by deuteri
and finally annealed at 800 °C. After electron irradiation a
ceptor levels atEC20.34/0.41 eV~the two values were as
signed to inequivalent lattice sites! and at EC
20.62/0.64 eV as well as a donor level atEC20.51 eV were
found. After deuterium implantation, theEC20.34/0.41 eV
peak disappeared but no new peak arose. The following
treatment restored theEC20.34/0.41 eV peak but eliminate
the one atEC20.51 eV and greatly reduced~and shifted! the
one at EC20.62/0.64 eV. A series of isochronal annea
showed that theEC20.51 eV peak anneals out aroun
200 °C with an activation energy identical with that of th
T5 center in 3C-SiC ~see Sec. IV A 2!. At the same time a
new defect appeared with a peak atEC20.87 eV. Based on
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the very similar annealing characteristics to theT5 center,
the EC20.51 eV peak was assigned20 to the donor level of
VC.

Assigning theT5 center to (VC12H) would then imply
that the EC20.51 eV peak is also connected with a (VC
1nH) complex. The in-grown H content of the epilaye
could have been in the 1014 cm23 range in the as-grown
samples of Ref. 20, but the (VC1nH) concentration mus
have been very low~see Table III!. Electron irradiation may
have increased the concentration of vacancies, and c
have increased the concentration of vacancy1 hydrogen
complexes as well, since irradiation increases the temp
ture and can cause diffusion. Of course, the increase inVC
1nH) concentration is limited by the availability~the origi-
nal concentration! of H. That explains the observed low se
sitivity of the EC20.51 eV peak to the electron dose. If th
dominant (VC1nH) defect is already present in the spe
trum, further hydrogen implantation obviously does not
troduce a new peak and the low dose (1011 cm22) probably
could not have caused a significant increase in peak he
Unfortunately, the calculated (21/0) occupation level of
(VC12H) is atEV11.8 eV in 3C-SiC. Since the defect or
bitals are rather well localized, we do not expect a signific
difference in 6H-SiC, with respect to the valence ban
Therefore, our estimate in 6H-SiC is aroundEC21.3 eV,
which is substantially too low compared to the observ
peak position. In fact, we cannot predict any donor level
high as this for any of the carbon vacancy related defe
For VC we obtain the (21/0) occupation level at
EV11.93 eV ~or at EV11.55 eV if no LDA gap correction
is applied!. Zywietz et al. have reported the occupatio
levels ofVC in 3C- and 4H-SiC ~without gap correction!.39

Their values,EV11.56 eV andEV11.54 eV, respectively,
show that theory cannot identify theEC20.51 eV
DLTS peak in 6H-SiC with the donor state of a
carbon vacancy either. Further work in this direction
necessary.

V. SUMMARY

Based onab initio LDA calculations in 32- and 128-atom
supercells of 3C-SiC, we have established the stable co
figurations of hydrogen and dihydrogen defects. The ca
i,

s
.

pl

, J

24520
ld

a-

-

ht.
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-
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lated formation energies were used to give semiquantita
estimates for their concentrations after CVD growth, lo
temperature H-plasma anneal, or heat treatment in high t
perature hydrogen gas. Thermochemistry between inters
hydrogen and vacancies, introduced by implantation, is a
discussed. We have found that interstitial H is readily inc
porated inp-type material during growth, and it acts as
shallow donor in 3C-SiC, compensating the acceptors. Co
plex formation with the latter is also likely. Inn-type mate-
rial interstitial H2 is the more stable form but the formatio
energy is too high to allow for significant incorporatio
(VC1H) behaves as a hole trap, whereas (VSi1H) is an
electron trap. The former has a lower formation energy,
if both types of vacancy are present implanted hydrogen
preferentially trapped byVSi . The electron trapVSi can be
passivated by four hydrogen atoms butVC can accommodate
only two and thereby remains a hole trap. Plasma treatm
introduces a sufficient amount of interstitial hydrogen f
complete passivation inp-type material. Inn-type material,
the dominant defects are (VSi1nH) electron traps, in suffi-
cient amount to halve the free carrier concentration. H
temperature annealing is effective in introducing hydrog
even ton-type material. We have also calculated vibration
frequencies, spin distributions, and occupation levels in or
to facilitate spectroscopic identification of these defects.
suggest that some of the paramagnetic signals assigned
lier to pure vacancies might originate from (V1nH) com-
plexes. Qualitative extrapolation of our results to hexago
polytypes explains the observed effects of hydrogen on
free carrier concentration. Calculations for the 4H polytype
are in progress.
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