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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 o€-&iC, 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.\(+nH) 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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[. INTRODUCTION cancy+ hydrogen complexes a primary target for investiga-
tion. Naturally, the energetics and kinetics of hydrogen re-
Hydrogen is one of the most common impurities in semi-lated defect complexegwhether with intrinsic or with
conductors, introduced by both wet and dry etching amongxtrinsic defectscannot be established without knowing the
other methods. Due to its profound and very varied influencenergies of the stable configurations of interstitial hydrogen
on the electronic characteristics of the matef@dssivation in various charge states, as well as the energies of dihydro-
of electrically active centers, formation of large active com-gen complexes. In this study the interaction of one or two
plexes, interest in theoretical and experimental research omydrogen atoms is considered with the “perfect” lattice and
the hydrogen impurity in semiconductors has been continuwith an isolated vacancgat both the C and the Si sitem
ous in recent years:® Silicon carbide(SiC) is a wide band  SiC.
gap semiconductor that has been known for a very long time, As in other semiconductors, passivation of shallow donors
but its technology is just reaching maturity for practical ap-and acceptors due to hydrogen is expected in SiC as well.
plication in power electronic devices. The data base neceg=xcept for boron-doped H-SiC samples, where it was
sary for defect engineering is still in the making for this shown with SIMS(secondary ion mass spectrometaynd PL
material. The present paper tries to contribute to this proceg@hotoluminescence spectroscpy very little is known
with results of first-principles model calculations on about hydrogen incorporation during epitaxial growth. Those
hydrogen-related defects. Hydrogen has a special importans@mples showed strong decrease in carrier concentration due
for SiC: due to the difficulties with bulk crystal growth and to hydrogen. Annealing wafers cut from boules ¢f-%&iC in
diffusion doping, in-growth-doped homoepitaxial layers pre-H, atmosphere between 1500 and 1700 °C resulted in 90%
pared by chemical vapor depositioBVD) from hydrogen- loss in carrier concentration ip-type samples moderately
rich precursor molecules play a crucial role in devices. Hy-doped with Al (p]~10" cm %), and 75% loss im-type
drogen is therefore a natural contaminant of such layerssamples heavily doped with N if]~ 10 cm 3),” but no
Since doping utilizes the competition of dopants and hosH-related vibrations were found in either c&selydrogen-
atoms for a given site in the crystahydrogen competing for plasma anneal gf-type 4H-SiC epilayergdoped with Al to
the free valences of a vacancy may influence dopingp]~ 10" cm3) at low temperature (250 °C) also caused a
efficienciess That—together with the expected passivationdecrease in the free carrier concentrafi@ince a postanneal
effect of hydrogen on radiation induced defects—makes vaat 500 °C caused further decrease, passivation due to dopant-
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hydrogen complex formation seemed more likely than carrieequilibrium position of H in 3C-SiC was found at the tet-
trapping in defects created by the plasma. At a doping levelahedral interstitial site in the cage of the less electronegative
of 7x 10" cm™3, the passivation was much more prevalentatoms Si(at T). This result is similar to the one found in
in p-type than inn-type samples in a 300 °C electron cyclo- GaAs?* and for a number of other binary semiconductdrs.
tron resonance plasma, and a heat treatment around 700 i€ contrast, the most stable position of i diamond® and
was needed for reactivatidfi.Low energy implantation of silicor?®28is the bond-cente{BC) site, i.e., hydrogen inter-
’H," into lightly dopedp-type [(5—10)x 10" cm 3] 4H  rupts a bond between two host atoms, formirtgrae-center
epilayers passivated or at least compensated B completepond Two electrons in a state formed by the symmetric
and Al to a large extent, but no passivation and little incor-combination of thesp® hybrids of two neighboring host at-
poration(at room temperature, none at 400 °C) was found inoms and of thes orbital of the hydrogen envelop all three
the case of samples doped at the same |¢¢&-10) atoms.
X 10" cm 3] with N.** The passivation of Al occurred by ~ The technologically important silicon carbide polytypes
complex formation. The Al-H complex could be dissociatedare the hexagonal H-SiC and 64-SiC (with ABAC and
by ~1.8 eV, and released hydrogen in the positive chargédaBCACBstacking sequences of Si-C atomic double layers
state'? A substantial decrease of the free carrier concentraalong the [0001] direction, respectively These can be
tion after H implantation into heavily dopedi-type grown as bulk single crystals of electronic quality. For cubic
(~10") 4H-SiC was reported based on spectroscopic ellip{zinc-blend¢ 3C-SiC (with an ABC stacking sequence
sometry studie$® However, the passivation was attributed to along theg[111] direction this has not yet been achieved, but
electron traps created during implantation. This effect washis is the preferred polytype in heteroepitaxy on large sili-
also demonstrated in dc plasma treatment of N-dopedon wafers(still far from electronic quality. The 3C poly-
[(0.2-3)x 10" cm™®] samples between 300 and 700™C.  type has the smallest unit cell while that dfi46H) is four

In summary, H appears to be easily incorporated intasix) times bigger. Since the computational cost for our
p-type samples where it may cause passivation, or at leashethod scales with the third power of size, it is reasonable to
compensation of dopants. Except for high temperature, higho large scale exploratory calculations o8-%iC first. The
pressure annealing inHhydrogen entersi-type samples first- and second-neighbor environment is the same in all
less easily. The effect of H-plasma treatment of or H implan-polytypes, but the band gap ofC3SiC (2.4 eV) is signifi-
tation inton-type samples is the creation of electron traps. cantly smaller than that of H-SiC (3.3eV) or

Apart from passivation studies, very few papers havesH-SiC (3.0 eV). With proper caution, however, it is pos-
been published on H in SiC, and the experimental fingersible to give at least qualitative estimates of the behavior of
prints of its main forms have not yet been established. Phodefects in the hexagonal polytypes, based on calculations in
toluminescence bands arising as phonon replicas due to locgle cubic one.
modes at 2962, 2977, and 2988 chin 6H- and 2959 and Our paper is organized as follows. In Sec. Il we describe
2985 cmi ! in 4H-SiC after H" implantation ofp-type ma-  the theoretical methods we use to study one- and two-
terial grown in a C-rich environment were interpreted as C-Hnydrogen defects in intrinsicG-SiC. Results will be given
stretch modes due to H in silicon vacancies at different inin Sec. . Sec. lll A contains the results on atomic intersti-
equivalent site$>'° Vibrations that could be assigned to tial hydrogen in all three charge states, while Sec. Il B is
Si-H stretching modes~2100 cm ') have not yet been ob- about interstitial dihydrogen complexes. In Sec. Il C we re-
served. Diffusion of H in lightly doped i8- and 44-SiC  port on one or two hydrogen atoms in a silicon vacancy.
after implantation at 50 keV ($®cm™2) has been Results published recentfon hydrogen in the carbon va-
investigated.'® In these works a dissociation energy be-cancy will also be reiterated briefly in Sec. 11l D. Finally, we
tween 3.5 and 4.9 eV was estimated as the rate limiting stegstablish the relative stability of the different complexes in
assuming that hydrogen decorates silicon vacancies. It w&Sec. lll D. Based on that and on the calculated electronic and
found that hydrogen diffuses considerably more slowly invibronic properties we comment on the passivating capabili-
n-type than inp-type sample$® No DLTS (deep level tran- ties of hydrogen and discuss experimental information
sient spectroscopypeaks could be related to hydrogen in the lack theregfabout H in SiC in Sec. IV. Some of the
electron-irradiated and deuterium-implanteti-6iC?° As  results mentioned here have been published in a preliminary
yet no EPRelectron paramagnetic resonansignals related  form.3°
to H have been observed either, but muon spin resonance
(uSR) experiments indicate muoniutan analog of the H
atom made of a muon and an eleciréa be at tetrahedral
interstitial sites(see Ref. 21 and references thejeimhis First-principles calculations using the local density ap-
general lack of information about H in Si@specially in  proximation(LDA) to density-functional theofy were car-
epilayers is intriguing, soa priori knowledge about its vari- ried out in a supercell modé¢BCM) of the defective solid.
ous forms and about the conditions under which they ardo explore relative stabilities of different configurations, a
formed could be helpful—even if the data supplied by model32-atom(bcc) unit cell was used. The most stable configu-
calculations are only approximate. rations of the individual defect in each charge state were

The only theoretical studies we are aware of in SiC con+ecalculated in a 128-atofficc) unit to obtain formation en-
sidered hydrogen solely as an isolated interstitial in the neuergies and occupation levels, as well as one-electron wave
tral charge state, using a molecular cluster mé@ét.The  functions. For these computations, theiosmMb code? was

IIl. METHOD
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TABLE |. Comparison of the formation energies of various defects under stoichiometric conditions as
obtained from the 32- and 128-atom SCM calculatipresent work No LDA gap correction and zero point
energy are added in order to make comparison with the results of Ref. 38 pogsibis.the chemical

potential of H.

Defect Ed/m (eV)

32-atom SCM 128-atom SCM 216-atom SCM
V2 4.89 4.49 4.30
(VetH)° —10.57- uy —10.76- uy
(V+2H)° 2X(—12.94- uy) 2X(—12.98 uy)
v 8.66 8.16 8.45
(Vgi+H)° —9.11— puy —9.36— uy
(Vgit+2H)° 2X(—13.19 up) 2X(—13.16- uy)
H,QBC —13.48- uy —13.23- puy

8Reference 38.

applied, which utilizes a plane wave basis. In the 32-atonarises because of the limitations of our code to spin-
calculations a high kinetic energy cutoff of 64 Ry was usedunpolarized calculationgThe energies of isolated atoms in
with Troullier-Martins norm-conserving soft-core vacuum were, however, determined with spin polarization.
pseudopotential¥’ This makes both perfect crystal and rela- In the case of the vacancies the error of neglecting spin po-
tive defect energies Converged within 0.01 eV. For the 128tarization is known from the work of Zywietgt a|_38'39 We
atom calculations the cutoff was reduced to 32 Ry, with ayij|| assume that fory+H) and (V+ 2H) defects the error is
simultaneous adjustment of the core radii in the pseudopgpughly the same. So the energies of doublet, triplet, and
tential. The energy convergence is still better than 0.05%V. quadruplet states were corrected with0.1,—0.2, and
The LDA is known to underestimate the width of the gap. _g 5 ey respectivel§® In the case of interstitial H, we will
While the experimentally observed excitation energies can,
be reproduced with a more or less rigid shift of the energie
of extended states in the conduction bawéh respect to the

_ _ H 41
edge of the valence bapddefect orbitals, which are mix- OTﬁ e:/ tar|1d at the k;otﬂd cenftertsgg)l\./loz ev. inimized with
tures of valence and conduction band states, represent a € total energy of the periec was minimized wi

problem. Therefore, defect levels in the gap have beef€spect to the Si-C distance, and the latter was found to be

shifted proportionally to their overlap with the conduction Within 0.8% of the experimental value. The geometry of

band (CB) states® The total energy was then corrected by minimum energy for t.he defects is found by allowing two
this shift times the occupation number of the defect stateShells of host atom neighbors to relax and reconstruct with or
Summation over the reduced Brillouin zone of the supercellgVithout symmetry constraints in the 32-atom SCM. The con-
was carried out using the>22x2 Monkhorst-Pack MP) vergence criterion for the forces was 0.0005 hartree/bohr.
schemé® for both the 32- and 128-atom units. It has to be Tests with third-neighbor relaxation in the 128-atom SCM
noted that in the case of the zinc-blende lattice these sets dinowed that for the defects under consideration this restric-
not include the criticak points at(neaj the band edges; tion does not cause significant error. Therefore, defect calcu-
therefore the “gap” between the explicitly treated occupiedlations in the 128-atom unit were carried out at the optimum
and unoccupied one-electron energies is substantially highg@eometry found in the 32-atom calculation. As a conse-
than the LDA minimum gap. This situation is advantageousjuence, the formation energies are upper bounds for neutral
in avoiding artificial occupation of the CB edge instead of adefects?? We expect the accuracy of ther(0) and (0F)
localized defect level because of the LDA gap efwhichis  occupation levels to be within about0.15 eV.(In the case
corrected onlya posterior). If the defect level turned out to of the occupancy level between higher charge states the error
be higher in energy than the corrected position of the CBmay be largey.Convergence of the results can be checked in
edge, the calculation was repeated with @3x3 MP set, Table |, where formation energies obtained from the 32- and
which includes the necessary band edge states. Another cdrom the 128-atom units are compared. In the case of the
rection in the position of defect levels and total energy isvacancies, our results can also be compared to those of Ref.
made necessary by the dispersion due to the interaction & obtained from a 216-atom SCM with ax4tx4 MP set
repeated defects in the SCM. An approximate position of thébut with a different type of pseudopotential and correspond-
“isolated” defect level was found by fitting a tight binding ing cutoff). The uncorrected occupation levels obtained for
dispersion relation to the energies calculated at diffekent the vacancies in this work also match within 0.1 eV with
points3’ The total energy was then corrected by the differ-those of Ref. 39.

ences between this value and the defect levels calculated at Prediction of the local vibrational mod& VM) frequen-

the individualk points (times the occupation numberAn  cies by theory is of special importance in the experimental
additional source of inaccuracy in the relative stabilitiesidentification of defect centers. Calculating vibrational fre-

se the data obtained for the silicon crystal, where the spin
?)olarization error for H at the tetrahedral interstitial site was
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stricted geometry optimizations with®hear theTg;, T,
and BC sites(The important sites of the@-SiC lattice can
be seen in Fig. 1.Three local minima have been found® H
is most stable 0.69 A away froffic along[111], in anAB¢
position. It forms a bondd,.c=1.14 A) with the nearest C
neighbor and the C-Si bond further along that direction is
weakened dc.g=1.95 A). In fact, it would be more appro-
priate to speak of a three-center bond on the H-C-Si unit.
One metastable configuration was found 0.08 A away from
theTg; site along 111] (nearer to the Si atomThis configu-
FIG. 1. Interstitial sites in th€110) plane of L-SiC. Black and  ration is 0.66 (0.58) eV less stable in the 3228-Jatom
white circles represent C and Si atoms, respectively. calculation than thé\Bc site (neglecting differences in zero
point energy. The nearest Si-C bond remains almost unper-
quencies on a plane wave basis with a high energy cutoff isurbed. The electronic structure is almost identical with that
very time consuming. However, the interatomic forces arefound atTg;, which is not a minimum in energy. H at the BC
predominantly determined by the valence electrons of theite is also metastable, 0.62 eV higher in energy than at
crystal and the localized electrons of the defect. ThereforeaB,..
frequencies were calculated using a supercell version of the Our result contradicts that of the molecular cluster model
AIMPRO code??® which applies the LDA on a localized basis (MCM) calculation of Ref. 23, where the most stable site
of uncontracted Gaussian-type orbitdisith preoptimized was found to beT;. In a test calculation using thempPRO
exponents in conjunction with norm-conserving nonlocal code on a MCM similar to that of Ref. 23, we also get H
Bachelet-Hamann-Scitler pseudopotentiaf$. A basis with  nearTg; to be significantly more stable than on A& site,
four stype and fourp-type Gaussians was used for each Siwhile the AMPRO calculation on a 64-atom SCM gave the
or C atom while twos and twop Gaussians were included same results as ttei198MD code on the 32-atom SCM. The
for hydrogen atoms. In addition atype Gaussian was put reason lies in the inadequate description of the delocalized
at each bond center to simulate polarization functions. Fotonduction band states in a MCM calculation, |eading to a
these calculations a 64-atofsc) unit cell was used with the  very wide gap in the electronic structure of the cluster. As a
k=0 approximation. Geometries obtained from the planeconsequence, a state localized strongly to hydrogen appears
wave calculations were refined under identical constraintsyithin this gap with H at either th&@g; or the T site. The
(no significant change was observed in all but one cd3®  electron in this orbital is in an area of low electron density in
LVM frequencies were obtained in the harmonic approximathe former and in a higher density one in the latter case. As
tion by calculating the second derivatives of the total energy result, both the one-electron level and the total energy are
with respect to all relaxing atoms. Local modes were selecteghwer for H at Tg;. In the SCM calculation the aforemen-
based on the amplitudes of the atoms. The frequencies @foned localized level is still in the gap for H at;; how-
stretching mode vibrations distinct from the continuum ofeyer, atT. it lies well above the(corrected CB edge.(All
SiC vibrations are typicalff accurate within about the one-electron levels are displayed together in FigA%.a
50 cm *, but differenceslike isotope shiftsare reproduced result, in the latter case, the electron df etcupies a delo-

within a few wave numbers. calized state nearly identical with the lowest conduction
band state of the perfect supercell. The three-center bond
ll. RESULTS with the C-Si unit is formed, offsetting the energy advantage

of the one-electron state in the nonbondédatTg;. With H

in the AB¢ configuration, an orbital largely localized on H
Based on experience with other semiconductors, the equiessentially the “antibonding” counterpart of the localized

librium position of a neutral interstitial hydrogen atom%H  three-center bondies more than 1 eV above the CB edge.

was sought in the 32-atom unit by starting symmetry unreSince the gap of thes and 4H polytypes is wider by only

A. Interstitial atomic hydrogen

A —

(AB¢)

Fe - b, e—225 coe218
b, e-e-1.63
@ 136
(ABsi)
— ¢ a
by :, —o6l L -0 0.76 1-6-0-0.78
a
Ey 100-0.13
(4 +2H)® (4 +H)® VP HO %0 (G+H)YO (42H)°

FIG. 2. The calculated one-electron levels for various defects@ASBC in the neutral charge state. The energies in eV of the
one-electron levels are given with respect to the valence kamdhe charged states the one-electron levels are shifted compared to their
positions in the neutral states
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states being always more stable than the neutral)statenot
be excluded. The «/0) occupation level is atE,
+2.32 eV, while the (0f) occupation level atE,
+2.405 eV is almost degenerate with the CB edge. So inter-
stitial H may act as a relatively shallow donor if©3SiC.
Because of their localized nature, we do not expect the en-
ergies of the charged states to change dramatically in the
hexagonal polytypes. However, as explained above, the total
energy of the neutral state may increase. This could lead to
FIG. 3. The geometry of the charged states of interstitial atomicnegativeU behavior with a ¢-/—) occupation level around
H in 3C-SiC. Ey+2.4 eV in 4H- and 8H-SiC, making interstitial atomic
hydrogen a deep electrand hole trap.
0.6 and 0.9 eV, respectively, we expect a similar bonding With the narrow stability window we obtain, *br muo-
situation at anAB site there too. However, the larger gap Nium (Mu) is not likely to be easily detectable by electron or
will increase the energy of this configuration with respect toMuon spin resonance in equilibrium irC3SiC. It is, how-
H at Tg.. Therefore, in the hexagonal polytypes the latter is€Ver, questionable wheth@rSR records equilibrium condi-
likely to be energetically favorable as predicted in Ref. 23. tions. In fact, an isotropig:SR signal has been observed in
Changing the charge state we find that Igrefers the 3C-SIiC (see the review of Estreictféy. About 30% of the
ABc and H™ the near toT g position(Fig. 3), by 0.7 eV over ~ iNcOMing muons take on this paramggnetlc state, Wh|le the
the BC site in the former case and by 1.3 eV oVerin the ~ 'est remains diamagnetic. Our prediction of A& site
latter (both values refer to 32-atom calculations without zeroiMplies a hyperfine interaction with axial symmetry. Of
point energy. Considering the- (+) charge on GSi)inthe  course, H or Mu may occupy any of the fouABc sites
host lattice, this situation is expected intuitively. It has to bearoundTc. We have calculated the approximate barrier be-
noted, though, that in the positively charged case thdween these sites along the01] axis. Comparing its value
(Si-)C-H bond is essentially a covalent three-center bondof 0.47 eV with the zero point energy of Mu, 0.81 eV, it
and the ionization has occurred from the delocalized CHOllows that an isotropiuSR signal will arise due to mo-
state.(The geometry is essentially identical with that of the tional averaging even at very low temperatures. The same
neutral charge stateln the negative charge state only about féasoning requires high temperature féwhich has a zero
half of the extra charge is localized on hydrogen and the reqtoint energy of 0.27 eV.
weakens the Si-C bond. The ionized one-electron state be- The calculated stretch mode vibration frequency of iH
gins to resemble the “antibond” of a weakl-)Si-C three- the (Si-)C-H bond atABc is 2747 cm'*, somewhat lower
center bond. than typical C-H frequencies. The reason is the slight “over-
The relative stabilities of the three charge states as a fun€oordination” of the carbon atom.
tion of the Fermi level position are shown in Fig. 4 as ob-
tained from the 128-atom calculations® Hppears to have a
stability window of ~0.1 eV, but considering the uncertain-
ties of the calculation a negativi@ behavior(the charged Stable dihydrogen complexes were sought by starting
with two H atoms on differenfAB sites in a 32-atom unit. As
Ep— Ey[eV] in Si, the H, molecule at thd g; site turns out to be the most
, 0.5 1.0 15 20 stable dihydrogen complex. gHat the T site is less stable
' ' ' : by 1.94 eV) The H, molecule can rotate almost freely
around its center of mass. Th&l1] orientation is preferred
0.5 but the energy difference with respect to {lt®1] orienta-
tion is less than 0.1 eV. The length of the H-H bond is
> 0.802 A, to be compared to 0.779 A calculated for the H
= 0 molecule in vacuum. The H-H stretching mode frequencies
< calculated in the harmonic approximation are 3452 &rim
0.5 1 + the solid and 4227 cmt for the free molecule. (t)Tsi is

more stable than two (‘?—)ABC by 1.70 (1.97) eV in the 32-

+ol- (128)atom calculation. For most Fermi level position$, ikl

By Ec not stable in equilibrium in @-SiC. Therefore, the stability
BO|B- N+ No of H, relative to isolated interstitials will depend on the po-
sition of the Fermi level. As will be shown in Sec. Ill E,*H

is more stable ip-type material than | while H™ is always

less stable. The same can be expected in hexagonal poly-

1.74 A T

1.96 A

B. Diatomic interstitial hydrogen

FIG. 4. Stabilitiy of the charge states of interstitial atomic H
with respect to the neutral state irC3SiC as a function of the
Fermi level position in the gap. The lower part of the figure showstYPES- . . .
the position of the occupation levels in the gap, compared with the W€ also find that a ki -Hap_, pair on two sides of the
occupation levels of the shallow dopants. same Si-C bond is more stable than either a pair of isolated
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241 1-

Ec 232
3= 0 0 0
2- 1.81 —— 2- 193 193 1.81 —
1+
2—
138 —— _
121 — 1.33 I+ 131
- - - 2+ 2+
057 —— 0.66 — 3+
0 03 043 ——
1+ 0
Ey
Vgi#2H Vg+H Vg H Ve Vo+H Vo+2H

FIG. 5. The calculated occupation levels i€-&iC (+/0 occupation level probably exists in the gap ¥+ 2H andVg;, while a 2
—/3— occupation level may also exist for the lajtefhe energies in eV of the occupation levels are given with respect to the valence band.

H interstitials or isolated interstitial Hand H . The energy ~ Symmetry is close t€3, , the C-H bond being only 0.3° off
of this complex is higher than that of g only by the [111] axis. The three dangling bonds give rise to an
0.91eV. The bond lengths are H-Si 1679 A si-c.@'(=ay) orbital in the valence band and a nearly degenerate

2.139 A, and C-H, 1.142 A, showing that a strong C-H and® +3"(~€) pair in the lower half of the gap The latter is

a weaker Si-H bond are formed at the expense of almogccupied only by one electron, which gives rise to acceptor
dissociating the Si-C bond. activity. The position of thie level in (Vg+H)  —where it

is doubly occupied—is &+ 0.83 eV, i.e., closer to the CB
than thet, of Vg. It is interesting to note the analogies
between the electronic structure\6§;, which is close tdT

The silicon vacancy\(s)) is a deep acceptor inGSiC.  symmetry, and Y5+ H)°, which is close taC3, symmetry.
The negative charge state is characterizedTpysymmetry  (Note that this symmetry difference disappears in hexagonal
and S=3/2% Our geometry for V¢ (9.5% outward polytypes) Both systems have one unpaired electron which
breathing’), as well as the formation energy (8.16 eV, seeoccupies an otherwise empty degenerate level. The corre-
Table ) and the position of the highest occupied leval  sponding orbitals in the two systems are very similar. Spin
Ey+0.49 eV, calculated without the gap correction in thedensity maps of the singly occupied orbitals are given in
128-atom unik, agree fairly well with the corresponding val- Fig. 7.
ues of Ref. 399.1%, 8.45 eV, andkE, +0.32 eV). With all The (+/0/—/2—/3—) occupation levels of\(gj+H), es-
corrections applied, we obtain the highest occupied onetimated from the 128-atom calculation, are By+0.32,
electron level atE,+0.76 eV in the neutral and &, +0.66, +1.21, and+1.81 eV, respectivelysee Fig. 5.
+0.94 eV in the negative charge stéte. This implies that ¥s+H) is negatively charged im-type

The Jahn-Teller reconstruction is negligible Yfy; be-  3C-SiC, i.e., it is a very effective electron trap. A similar
cause of the localized nature of the carbon dangling bondbehavior can be predicted for the hexagonal polytypes as
and the relatively long C-C distances across the vacancyvell. Considering its ¢/0) occupation level in 8-SiC, in-
Due to the degeneracy of the highest occupied one-electrarrstitial H will be attracted byg; unless the sample is
orbital (~t, in all charge statgs a LDA-type calculation heavily n doped E->E,+2.32 eV, when H is neutralor
(with spin polarizationshould necessarily result in high spin heavily p doped Ec<E, +0.43 eV, wherVg; is neutra). In
state configurations. However, it was shown that, in thenexagonal polytypes repulsion is likely for strongloping.
ground state oi/gi, many-body effects lower théE singlet  (Fermi level positions are understood at the temperature of
(S=0) state below the’T triplet (S=1) one® In a more  annealing. In a weakly n-type sample(say with Eg—Ey,
recent self-consistent calculation, an energy difference of
~0.1 eV was found in favor of the singlet ground stéte.
Therefore, we corrected the energy of the triplet by
—0.1 eV to get an estimate for the true ground stat®'%f
[The same will be done with\g;+ H) ~.] With these correc-
tions we estimate the (6//2—) occupation levels o¥g; in
3C-SiC to be arounds,,+0.43 eV and+1.33 eV, respec-
tively, from our 128-atom calculatiotf. Higher negative or
positive charge states &fg; may exist but have not been
calculated. (All the calculated occupation levels are dis-
played together in Fig. b.

The bonding configuration oM+ H)® is shown in Fig.
6. The hydrogen bonds to one of the carbon neighbors with a
C-H distance of 1.12 A. Unlike in diamond or silicon, how-
ever, the remaining carbon dangling bonds cannot form
bonds to cause a significant Jahn-Teller distortidme re-
laxed distance between those carbon atoms is 3.38 A, to be FIG. 6. The bonding configuration of a single hydrogen atom in
compared to a normal C-C bond length of 1.549 Ao the  a silicon vacancy of G-SiC.

C. One or two hydrogen atoms in a silicon vacancy
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are, however, increasingly metastable with respect to isolated
(Vgi+H) complexes(in p-type material>?

+0.81 eV
3X(VgitH) — (Vgt3H)+2XVg;, (©)]
+1.34 eV

Therefore, they will be created only [H] >[Vg]. It is
interesting to note, however, that

~8.00 eV
VgitH, —  (Vgi+2H). (5

Therefore, molecules will be captured and dissociated by
silicon vacancies.

The calculated stretching mode frequency of the C-H
bond in (Vg+ H) is 2961 cm 1. Substituting H with D shifts
the frequency to 2170 cit. In (Vg+2H) the two C-H
@ bonds gives rise to a symmetric and an asymmetric combi-

nation at 3051 and 2999 cm, respectively. Substituting

one H atom with D will shift them to 3014 and 2206 cf
0 while (Vg+2D) will have frequencies at 2229 and
/B (Vsi+H) 2200 cnt *.
FIG. 7. The spin distribution iV and (Vg+H) in the plane D. One or two hydrogen atoms in a carbon vacancy
shown in the middle figure. The arrow serves to orient the figures. . o .
The contours connect points of equal density. The “longer” dangling bonds of Si iV easily make

bonds between the vacancy neighb@sross an unrelaxed

—1.4 V) the energy gain upon the formation of a stabledlstance of a mere 3.1 A), causing considerable Jahn-Teller

. ; . distortion toD 4. Our geometry2.6% inward breathing and
(Vsi+H)?~ complex is(calculated from the total energies of coo2d MR .
. . ) : 7.7% pairing distortioff), as well as the formation energy
the corresponding defects in the 128-atom Junit (4.49 eV, see Table) land the (2-/0) occupation levelat

—[2.45+ (Eg—Ey)]=—3.85 eV Ey+1.55 eV, calculated without the gap correction in the
V4 +H* - (Vg+H)2"+h*. (1)  128-atom unit agree very well with the corresponding re-
sults of Ref. 39 (2.8%, 10.6%, 4.30eV, and,
This value can be regarded as a lower bound for the disso+ 1.57 eV). With all corrections applied, we obtain the (2
ciation energy at this Fermi level position. A second hydro-+/0) occupation level aE,,+1.93 eV. The (0+) occupa-
gen atom can also be trapped \ify;, although the energy tion level is almost degenerate with the CB ede.

balance for neutral systems p-type materigl is Due to the Jahn-Teller distortions ¥§., which are simi-
approximately? lar to the vacancies in elemental semiconductors, a bonding
configuration similar to that known from silicoh® is ex-
+0.48 eV pected in the case oMc+H), i.e., hydrogen saturating one
2X(Vgt+H) — (Vg+2H)+Vg;. (2 of the Si dangling bonds, two other dangling bonds forming

a long bond(causing significant pairing of the Si atoms con-

In the (Vgi+2H) complex two carbon dangling bonds are cerned, and one dangling bond remainin@{, symmetry.
saturated and the symmetry@, . The other two dangling However, for the Y-+H) complex in SiC(both 3C and
bonds give rise to a doubly occupied level very close to thetH), the situation is very differerff The Cy;, structure with
valence bandVB) and an empty level in the lower half of one Si-H bond turns out to be metastable. Hydrogen in a
the gap. Therefore, s+ 2H) is still an acceptor and may symmetric position C,,) between two Si atoms, forming a
exist as both[Vg+2H]™ and [Vg+2H]?> > The (0~/  three-center bontsee Fig. 8, is more stable by 0.5 eV in the
2—) occupation levels are d&,+0.57 and+1.38 eV, re- 32-atom calculation. The resulting electronic structure is
spectively. That means that we obtain both the{j0And the  very similar to that of the bond-center H interstitial in silicon
(—/2—) occupation levels ofVg;, (Vg+H), and /g and diamond. The electron density shows that the two-center
+2H) within about 0.2 eMsee Fig. 5. long bond between two Si neighbors of the reconstructed

As a consequence further"Hnterstitials can be attracted carbon vacancy becomes a three-center bond, enveloping the
electrically to Vgi+2H) 9 in all but stronglyp-type mate- H atom between the two Si atoms. The one-electron level
rial. Only (Vg+4H) is expected to be electrically and corresponding roughly to this bond is in the valence band.
chemically passive. \(g;+3H) and (V5+4H) complexes The electron introduced by the H atom finds its place on the
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with the two-center Si-H bondIn the double positive state,
the two configurations are nearly equally stapléthin 0.05
eV), while in the (3+) state a very weak single Si-H bond
and three empty dangling bonds establ&fy symmetry. In
other words the -+ H) system is bistable. We have calcu-
lated the relative stabilities of the different charge states as a
function of the Fermi level positiofsee Figs. 5 and)9The
(2+) charge state is not stable for any Fermi level position,
i.e., the system shows negatitebehavior. The calculated
(3+/1+/0) occupation levels are atEy+1.31 and
+1.93 eV. The latter is within 0.01 eV of the value obtained
for the (2+/0) level of V. It should also be noted that the
(Vc+H)? complex has similar electronic structure 3. .
Spin density maps of the singly occupied orbitals are given

FIG. 8. The bonding configuration of a single hydrogen atom inin Fig. 10. As can be seen the spin distribution is nearly
a carbon vacancy inG-SiC. identical for the two complexes.

Considering the occupation levels of interstitial H and
antibonding combination of thep® hybrids of its neighbors, V¢, it can be seen that they do not repel each other only for
so that the H atom is at the node of this orbital. The overcoE,,+1.93<Eg<2.40 eV, but at no position of the Fermi
ordinated bond-center interstitial is unique to elementalevel is there attraction between thefThe latter will be
semiconductor? SiC seems to be the first example for H more or less true for hexagonal polytypes, since we expect
entering a three-center bond when trapped in a vacancy. Ththe (0/~) or (0/2—) occupation level o¥/ to appear in the
reason probably is that the Si-Si distance across the carbdarger gaps arouné, + 2.4 eV, where ther/— occupation
vacancy in SiC is about 3.1 A, while the normal Si-H bondlevel of H is expected as welin p-type material formation
length is~1.5 A, so the H atom can interact with at least of the complex from isolate¥ and H is retarded due to the
two Si atoms. Still, this alone does not explain the preferenc€oulomb repulsion. However, if it is created, e.g., in epitax-
of H for the three-center bonded configuration over the norial growth, the ¥+ H)3* complex is stable with respect to
mal two-center bonded or@here the Si-H bond distance is the isolated constituents. From the total energies of the cor-
1.46 A and H is about 2.2 A away from the silicon atom responding defects obtained in the 128-atom unit,
with the dangling bond It is interesting to note that the
relaxed Si-Si distance aroundgilin Siis 3.2 A%’ i.e., al- +1.26 eV
most identical with the Si-Si distance, 3.1 A, across the un- (Ve+tH)*r — VE +HT, (6)

relaxed carbon vacancy in SiC. The three-center bonded con-, . . -
figuration of Fig. 6 can be formed without significant which is about 1/3 of the binding energy of H Wy;. The

relaxation of the host atoms, while the two-center bondet:Yveak bonding is characteristic of the£3 charge state. In

configuration is accompanied by a 7% outward relaxation oftype material, say &~ Ey=2.0 eV, the bonding energy

the Si atom with the dangling bond. This also means, how®! H in Vc (the lower bound to dissociatipis

ever, that the energy of a three-center bonded Si-H-Si unit is +[0.56+(Ep—Ey)]=+2.56 eV

comparable—within the order of the relaxation enerdigs (Ve+H)° V2+H*+e*, 7
few tenths of an eY—to the energy of the two-center

bonded Si-H unit and a Si dangling bond. which is, however still less than 2/3 of the value obtained in

The one singly and the one doubly occupied level associEq. (1). So, if both types of vacancy are present in sufficient
ated with neutral Y-+H) in the gap of £-SiC (the latter  concentration, interstitial hydrogen prefers complex forma-
corresponds to the long bond in Fig.dlow in principle the  tion with Vg; over V¢ both kinetically and thermodynami-
existence of three positive charge statélst), (2+), and  cally under equilibrium conditions.

(3+). (Vc+H)™ has essentially the same structure as the Introducing a second hydrogen in¥. establishes an-
neutral defect (0.3 eV more stable than the configuratiorother three-center bonded configuration between the other

Eg— EyleV] Er— EvleV] Ep-Ev(eV]
0.5 1.0 LS 2.0 0.5 10 15 20 0.5 Lo L5 2.0
1.0 1.0 1.0
Ye+2H Ye+H Y
0.5 24 0.5 0.5
= z 5
2 90 0 2 00 o 200
w '-‘<-‘1 24+, Lg 0
< + +
-0.5 1 N -05 -0.5
£ 2+
-1.0 -1.0 -10
Bv Ec Ev Ec Bv Ec

FIG. 9. The stability of the charged states ®+nH) defects with respect to the neutral state. At any position of the Fermi level the
charge state with the lowest energy is stable. All three systems show nelgabekavior, but only+H is bistable.
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G FIG. 11. The bonding configuration of two hydrogen atoms in a

carbon vacancy of G-SiC.

singlet ong, and this is also~0.1 eV more stable than the
triplet in the same symmetifas was obtained fcwgi in Ref.

49). Comparison of the energies as a function of the Fermi
level position shows that the system has a negadtilehav-

ior, i.e., (Vc+2H)" is never stable in equilibrium. The (2
+/0) occupation level is around,,+1.81 eV, with an un-
certainty in this case somewhat larger tha@.15 eV. It is
interesting to note that alV--based systems investigated
show negatived behavior(Fig. 9). For Ve and (Vc+2H)

this originates from the reconstruction caused by the long-
bond formation between dangling bonds, and is similar to the
case of vacancies in elemental semiconductors. In the case of
(Vc+H) the reason is a change in the bonding of hydrogen,
and the instability of the paramagnetiv{+H)?" state is
much more pronounced. The paramagnéfi¢ and (V¢
+2H)* are only marginally unstable, and are likely to be
detectable by EPR under nonequilibrium conditidiesg.,
under illumination. These centers have similar spin distribu-

FIG. 10. The spin distribution iWg and (Vc+H)® in the plane  tiONS, @s can be seen on the spin density maps of the singly

shown in the middle figure. The arrow serves to orient the figuresOCCUpied orbitals in Fig. 12.
The contours connect points of equal density. Since both ¥+ nH) complexes are donors and the cap-

ture of a third hydrogen atom is energetically not feasible,
V cannot be passivated by hydrogen. This is again unusual
mong semiconductors. Th&/ {+nH) centers are always
ositively charged irp-type material, i.e., they are effective
hole traps(This will apply for hexagonal polytypes, tgo.
The formation energy per H atom is lower i {+ 2H)

two Si neighbors of the vacandgee Fig. 11 The Si-H-Si
bridges become more puckered: the angle being 155° wit
Si-H distances of 1.64 A and a H-H distance of 1.61 A. The
system is most probably a biradiocd@vo electrons with op-

posite spins on two spatially orthogonal antibonding orb)|tals,[han in (Vo+H) at any position of the Fermi energy. The

with D,q symmetry. A biradical is beyond the scope of a _ . . . )
one-electron theory, like the LDA, so we have calculated th%eig]nlssmn of H from Y+ 2H) can be described by the reac

triplet state of the defect iD,4 symmetry insteadtwo elec-

_trons vk\)/?';hlga[ﬁzlel spir: on ftwo sgati;llygrthogor_ltzl an:jibogld- £ [0.08+ 2(Ep—Ey)]

ing orbitalg. The system is a double donor with a doubly 24 n 3+ g+

degenerate state 0.23 eV below the CB edge. (Vet2H™ +2xh (VerH)™ +H ®)
We have also calculated the singly and doubly positive

charge states oM+ 2H). If (Vo+2H)? is calculated in the  in p-type and by

singlet state, the geometry distorts frdg4 to D, (and the

energy is higher than that of the triplet statéV.+2H)* 140

preserves th®, symmetry(with a small margin ove€,,), (Vet2H)2H 0 (V)2 0+ H, 9)

while (Vc+2H)?" is D,y again. In order to calculate the

occupation levels, we have assumed thét€2H)° has a  in n-type 3C material. These equations show that once the

D,4 singlet many-electron ground stajast asvgi has aT4 (Vct+2H) complex is formed, it remains stable against inter-
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to a strong splitting between the symmetric and antisymmet-
ric combination of the two symmetric ones. The Raman ac-
tive symmetric combination is at 1332 crh In the doubly
positive state these frequencies shift to 1132 and 1205'¢m
respectively. It has to be noted that some of these LVM’s are
very close to the continuum of SiC vibrations, so the accu-
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 hydro-
gen defects is to establish their relative stability. For this
purpose, a formation energy can be defined based on the total
energies calculated for the equilibrium of a system consisting
of ng; silicon, nc carbon, andhy hydrogen atoms in the
charge staté¢see, e.g., Refs. 39 and 57

Efm(Nsi:Ne Np s wsis e mn - EF)

=Eg(Nsi,Nc,Ny) — Nsitsi— Nepe— Npmp+ GEg.
(11

Here Er is the Fermi energyin other words the chemical
potential of the electronsi.e., the energy of the reservoir
from which electrons are taken, which depends on the dop-
ing level and temperature of the real crystal. Similagly, is
the chemical potential of H, i.e., the energy of the reservoir
from which H atoms are taken:tbr atomic hydrogen gas in
@ (Vc+2H)+ @ equilibrium with the SiC crystal. It has to be taken into ac-
s count that, in equilibrium with the SiC crystal, the chemical

o _ potentials of siliconug;, and carbonuc, are connected by
FIG. 12. The spin distribution i/ and (Vc+2H)™ in the the relation

plane shown in the middle figure. The arrow serves to orient the

figures. The contours connect points of equal density. pot pe= Mgulck (12)
I 1C -

stitial hydrogen emission. However, if an excess of carbonntroducing
vacancies is available, then atype material

— . bulk _ . _ . bulk
(Vet 2H)ZH + V2" +2xh* Ausi=psi—psi» Apc=pc—Hc (13
+[-1.23+ 2(Eg—Ey)] and taking into account that the formation enthalpy of SiC is
— 2X (Vet+H)3T, 10 .
verty 09 AHFC= B (U5 ™), 14

i.e., single-hydrogen complexes are more favorable energeti-

cally in p-type 3C-SiC. The reverse of Eq9) also shows it follows that

that V¢ can dissociate Hmolecules as well, although less _

effectively thanVg;. Apsit Apc=AHPC, (15
In the neutral charge state o¥¢+H), the Si-H-Si unit .. &g

has an asymmetric and a symmetric stretch mode at 157'86“”'“95

and 991 cm?, respectively. Both are IR and Raman active. 1 1

In the singly positive charge state, the loss of an electron Ap=Apg— =AHTC=ZAHSC—Apc, (16)

from an antibonding orbital stiffens the stretch modes to 2 2

1770 and 1189 cmt. In the doubly positive charge state, the

two-center Si-H bond is characterized by a “normal” Si-H

stretch mode of 2072 cnt. For the triply positive state the q ]

geometry obtained with the Gaussian basis differed too muchform(Nsi-Nc: Nk Asis he in =)

from the one obtained with the plane wave basis, so the _ Aga(ng ne,ny) —(Ng—Ne)Ax—nuup+9Ee, (17)

calculated frequency could be questionable. The puckering

of the Si-H-Si units in neutral\(c+ 2H) softens the degen- where the environment-independent relative energy of the

erate asymmetric stretch modes to 976 ¢mand gives rise  defect

Eqg. (11) can be rewritten as
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(NsitNe) p andT denote pressure and temperature given in atm and K,
AEY(ngj,n¢,ny) = E?ot(nSianvnH)_TluSiC respectively. Reasonable values f, range between-13
and — 17 eV.
(Nsi—=Nc)  puk bulk Another parameter in E§17) and in Table Il is the actual
T o WMsi T Hc ) (18) position of the Fermi level, which depends not only on the

temperature and dopant concentration, but also on the con-
does not contain either the chemical potential of the constitucentration of the defects under study. Therefore, it has to be
ent atoms or that of the electrons. The chemical potentials ifetermined self-consistently from the neutrality condition
the bulk were calculated as the energy per formula unit of the
perfect SiC, silicon, and diamond superce(iBhe small dif-
ference in the energy of graphite and diamond does not in-
troduce significant errorUsing these values, E¢l4) gives
AHSC= —0.64(—0.71) eV in the 32128atom cells, to be Wheré®
compared to the experimental value -60.72 eV>®

The tuning of the C/Si ratio during growth is theoretically n=Nce (Fc ER/keT, p=N,e (B BT (24)
imi _ ,, bulk i i )
limited by (uc=puc™) for C-rich conditions, and by &s; are the electron and hole concentrations in the CB and VB,

:'“glijlk) for Si-rich conditions. So from Eqg13), (15, and  agpectively. The effective density of states has been calcu-
(16) it follows that lated with the longitudinal and transversal electron m&éses
0.247mg and 0.677, for the CB (Nc) and with the heavy
and light hole mass€%1.109m, and 0.33in, for the VB
(Ny). The terms in parentheses in the summation on both
sides of Eq(23) are the concentrations of ionized acceptors
The total energyEd,(Ns;,Nc,Ny) in Eq. (18) is calculated as  and donorgincluding all the electrically active H-related de-
fect9. N andNp; are the total concentrations of acceptors
Ef(nsi,nc,ny) =Edeu(nsi,nc,ny) +EJ(H) (200 and donors, respectively, whifg,; (np;) is the concentration
of holes(electron$ in the acceptofdonon states. The con-
whereEdc\(nsi,nc.ny) is the total energy of the supercell centration of dopants and the temperat(ife were used as
containing the defect with chargg andEJ,(H) is the en-  free parameters, and the concentration of defects was esti-
ergy due to the zero point vibrations of the hydrogen atomsnated by
in that charge stat®. Table Il shows calculated formation
energies defined in EQL7) for the limiting cases in Eq19), N =N~ E?(;rm/kBT (25)
as a function of the hydrogen chemical potential within the b ’
stability limits set by the occupation levels in equilibridas  j.e., assuming noninteracting defects and neglecting the en-
shown in Fig. 5. (Positive values mean that the formation is tropy term in the heat of formatiom\C is the concentration
endothermig. The Edc\(nsi, N ,ny) values calculated in the  of sites in the perfect lattice for the given defednce Eq.
128-atom SCM were corrected for the spin-polarization er{23) is solved, Eq(25) supplies the equilibrium defect con-
ror, as explained at the end of Sec. Il. In the case¥%f  centrations.
(Vgi+H) ™, and (/c+2H)°, an additional 0.1 eV was sub-

n+§i: |Qi|(NAi_pAi):p+2i |ail(Npi—npi) (23

1 o 1 .
+§AHfS'CsA,us—§AHfS'C. (19

tracted to estimate the energy of the singlet state from the IV. DISCUSSION
LDA result on the triplet(cf. Sec. Il O.
In order to evaluate Table I, an expression foy, is A. Hydrogenation of SiC
needed. The chemical potential of hydrogen ¢asth mo- Of course, the most interesting question is whigtany)

lecular and atomic strongly depends on temperature andof the defects described in the previous sections will be
pressure. Fop, with respect to H and H gases we use the formed under given experimental conditions, i.e., when and

formulas of Ref. 61, leading to how much hydrogen can be expected in the crystal? We are
. not aware of any direct study on the hydrogenation of
2 un(Hz)=E(H;)+8.617 386< 10 T In[1.267 865 3C-SiC, but—as listed in the Introduction—there is a num-

_ _ ber of reports, based on dire¢sIMS) or indirect (dopant
X10p T "(1-e (5.30121&103)”)“0_2715, passivation evidence, regarding the hydrogen content of
(21)  4H- and e&H-SiC samples. In principle, our results allow us
to discuss only the situation inG3SiC, and even there only
pu(H)=E(H)+8.617 386< 10" °T In(19.314 058 T~52),  rough estimates can be given for the hydrogen concentra-
(22)  tions. The uncertainties in our calculations may lead to al-
most order of magnitude differences in the concentrations.
Here E(H,)=—30.58 eV andE(H)=—13.03 eV are the Sitill, the general dependence of H incorporation on tempera-
energies of the kimolecule and of the H atom, respectively, ture and doping can be predicted and even qualitative ex-
calculatedwith spin polarization in the latter casi a large  trapolation to hexagonal polytypes is possible. The extrapo-
supercell geometry using the same cutoff as in the crystal. lation is based on the following argument.
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TABLE Il. Defect formation energies in@-SiC, as defined by Eq$17)—(20). The general error bar in relative stabilities and in the
position of the occupation level is expected toh8.15 eV, except for the lines marked with a,b, where additional sources of uncertainity
exist. Reasonable values gf; range between-13 and—17 eV. Ellipses indicate, that higher charge states may exist, but have not been

calculated.

Defect Stability range Efm (V)

(Er—Ey) (eV) psi= '™ (Sirich) pe=pe™ (C rich)
Vit 0.00 — 1.93 1.05 — 4.90 1.76 -5.61
V2 1.93 — 2.41 4.90 — 4.90 5.61 — 5.61
(VetH)3* 0.00 - 1.31 € 14.45- uy) —(—10.52- p) (—13.75- i) —(—9.81— u4y)
(VetH)H 1.31 - 1.93 €10.52- p11y) —(—9.90- 1) (—9.81 up) — (—9.20— up)
(VetH)02 1.93 — 2.41 €9.90- up) — (—9.90- up) (—9.20- up) — (—9.20— up)
(Vet2H)2H 0.00 — 1.81 K(—14.36- up) — 2X(—12.55- uy) 2X(—14.01- py) — 2X(—12.20- uyy)
(Vet2H)0 &P 1.81 — 2.41 K(—12.55- up) — 2X(—12.55- uyy) 2X(—12.20- pyy) —2X(—12.20- uyy)
vy ab .. -0.43 8.87 — 8.87 8.16 — 8.16
e 0.43 - 1.33 8.87 —7.97 8.16 — 7.26
Vg @ 133 ---- 7.97 — - 7.26 —- -
(Vgi+H)0? 0.32 — 0.66 C7.94 py) — (—7.94- up) (—8.64— ) — (—8.64— )
(Vgi+H):~ P 0.66 — 1.21 €7.94- ) — (—8.49- ) (—8.64—uy) — (—9.19- uy)
(VgitH)?™ 2 1.21 - 1.81 €8.49- ) — (—9.69- up) (—9.19- uy) — (—10.39- up)
(VsitH) 1.81 — 2.41 €9.69 i) — (—11.49- uy) (—10.39 up) — (—12.19- uy)
(Vsit 2H)° ... - 057 2} (—12.48- py) — 2X(—12.48- uy) 2X(—12.83- puy) — 2X(—12.83 uy)
(Vgit2H)~ @ 0.57 — 1.38 K(—12.48 uyy) — 2X(—12.89- puy) 2X(—12.83 py) — 2X(—13.24- u,)
(Vsit 2H)?~ 1.38 — 2.41 K(—12.89 up) — 2X(—13.92 puy) 2X(—13.24 py) — 2X(—14.27- )
(Ha)7, 0.00 — 2.41 K (—12.91 uyy)
H s, 0.000 — 2.320 €14.255- 11,) — (—11.935- 1)
HRs. 2.320 — 2.405 €11.935- 11y) — (—11.935- u,)
HT, 2.405 — 2.410 €11.935- 11,y) — (—11.940- u,)

&The values used here were corrected for the spin-polarization error, as explained at the end of Sec. Il.
bAn additional 0.1 eV was subtracted to estimate the energy of the many-electron singlet state from the LDA result on the triplet, as
explained in Sec. Il C.

(i) The stability of a charged complex may vary within defects appear to be more localized than pure vacancies.
several eV, depending on the position of the Fermi level. AsTherefore, we expect that the polytype dependence of the
can be seen from Table Il, neutral hydrogen complexes typioccupation levels and formation energies for these defects
cally have a rather high formation energy. The formationwill not be bigger than our error bar in the 128-ato@-$iC
energy decreases in the positively charged states because eatculation. In the case of interstitial H, we predicted a
ergy is gained by having promoted electrons from the defect+/—) occupation level at arouné, +2.4 eV but little
to the Fermi level if the latter lies lower. Similarly, in the change in the energy of the charged std@sc. 11l A). We
negatively charged states, energy is gained by having praexpect no significant difference between the polytypes for
moted electrons from the Fermi level to the defect if theH,. Therefore, the conclusions drawn about defects-iype
former lies higher. The highest concentration of the defects3gC-SiC are qualitatively valid also irp-type 6H- and
therefore, occurs for the highest charge state at the highegH-SiC. Inn-type material, significantly higher stability and
level of doping, i.e., wheik is farthest from the occupation 1-2 orders of magnitude higher concentration of negatively
level (theoretically atEg=E, or Er=E(). Since the VB  charged complexes can be expected in hexagonal polytypes
offset is very small between the polytypes, assuming a nearlyhan in 3C-SiC.
identical position for thet-/0/— occupation levels of a given Hydrogen can be introduced into SiC during epitaxial
defect with respect to the VB edgéand no higher charge CVD growth, by hydrogen-plasma treatment, by annealing in
Stat8$, the formation energy of the pOSitive defect will be H2 gas, or by H (D+,H2+ ’D2+) imp|antation_ These pos-

about the same in all polytypes, while the negative defect cagpilities will be investigated in the following.
decrease its energy in the hexagonal polytypes becBuse

can move farther up.

(i) We know from Refs. 38 and 39 that the formation
energy of the neutral vacancies changes by less than 0.4 eV, CVD growth proceeds at atmospheric pressure at around
while the (uncorrectegloccupation levels differ only by less 1400-1500 °C and the source gad@sostly silane and pro-
than 0.1 eV between theG3 and 4H-polytypes. Based on pang are usually introduced by diluting a few percent of
the convergence properties shown in Table |, thfe-aH) them in a H carrier gagsee, e.g., Ref.)6 Although, strictly

1. CVD epilayers
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TABLE IlI. Calculated concentrations of hydrogen defects1(0'? cm™2) in 3C-SiC assuming equilibrium with hydrogen gas under
CVD growth conditions[H;] is the interstitial hydrogen concentratidn/ +nH] and[V] mean the concentrations of all the charg#f (
+nH) andV defects inp-type and all the charged/g;+nH) andVg; defects inn-type materialall others are negligible under the given
conditiong. Ex—E,, is the Fermi level position with respect to the VB edge under the given conditions.

Conditions Net carrier p-type Bs), mc= ™ n-type (No), pg=u®
conc. (cm 3) 10%° 108 107 10'6 10% 10t 108 10%°

1400°C Er—Ey (eV) 0.57 0.90 1.18 1.26 1.28 1.36 1.65 1.96
1 atm H, [Hi] 5.7x10% 6.1x10% 8.5x10% 4.8x10% 4.3x10%  2.4x10%
up=—16.51 eV [V+nH]

V] 8.8x 10 1.0x10%?
1400°C Er—Ey (eV) 0.57 0.90 1.18 1.26 1.28 1.36 1.65 1.96
0.01 atm(H) [H] 3.0x10% 3.2x10% 4.5x10% 2.5x10% 2.2x10%  1.3x10% 1.8x10° 2.0x10%?
up=—15.94 eV [V+nH]

V] 8.8x10% 1.0x10%
1500°C Er—Ey (eV) 0.62 0.96 1.22 1.27 1.28 1.33 1.59 1.92
0.01 atm H [Hi] 15x10° 1.6x10° 3.0x10“ 2.1x10% 2.0x10% 1.4x10% 2.6x10%® 3.0x10%
up=—16.14 eV [V+nH]

WY 1.5x10% 1.7x10%

speaking there is no equilibrium during growth, a stationaryof the binding energy of such@-+H) complex. Even if we
state can be assumed between the concentrations of hydrde not assume the formation of a chemically bonded com-
gen in the gas phase and hydrogen in the crystal. At thglex, a positive charge placed at tfig; site next to B on
temperature of CVD growth a fraction of the, ldarrier gas  the Si site in the unrelaxed lattice would give rise to a Cou-
dissociates. In the vicinity of the surface the incorporationjomb attraction of 0.8 eV. In that sense, our result is consis-
reactions of the host and dopant atoffrem the precursor tent with the measurement and assumption of cl@eH)
molecule$ also release atomic hydrogen. We may assuMeyairs of Ref. 6. Inn-type 3C-SiC our results imply that the
about 1% atomic H in the vicinity of the su_rface: Table IlI hydrogen incorporation appears to be negligible during
shows the estimated hydrogen concentrations in as-growg., [This seems to hold for hexagonal polytypes as well,
3C'S'°C' assuming equilibrium with either 1 atmo o Ht even with the higher stability of negatively charged defects.
1400°C, or with 0.01 atm of H at 1400 and 1500°C, for nmAssuming no change in the position of occupation levels but

carrier concentrations between '#0and 13°cm 2 in ) . . . :
i - i ] ; simply increasing the gap in Eq23) to 3.25 eV (H-SiC)
B-dopedp-type and N-doped-type material. All calculated gives (VgtnH) concentraions on the order of

concentrations abovex10'? cm™2 are given in Table IlI. It - . :
g 10" 12 cm™3] It is interesting to note the trends in the for-

is apparent that detectable concentrations of hydrogen co .
plexes occur only ip-type material and the atomic hydrogen Mation energy of the neutral vacancy-type defects upon hy-
content of the gas is responsible for most of the incorporadrogenation. As can be calculated from Table 11, in the case
tion. In ptype material Na—Np>0), the most abundant ©f (Vc+nH), the formation energy at 1400°C in equilib-
hydrogen defect created during growth is the atofpiosi- ~ "um with 0.01 atm atomic H 4= —15.94 eV) under Si-
tively charged interstitial. The hydrogen concentration in- rich conditions increases from 4.90 to 6.04 to 7.78 eV, while
creases monotonically with the net hole concentration. in the case of {5+ nH) the formation energy under C-rich

In p-type 6H-SIC samples it was shown by SIMS that but otherwise the same conditions decreases from 8.16 eV to
hydrogen incorporation follows the boron concentration7.30 to 6.22 eV fon=0,1,2 respectively. The reason is that
closely’ with [H] having the same order of magnitudefB§.  some of the energy needed to create the vacancy and intro-
It was assumed that boron and hydrogen are grown into théduce a H atom into the crystal is regained by the formation
sample as a complex. For samples withB]=1  of C-H or Si-H bonds in the hydrogenated vacancy. In the
X 10 cm™2 the net carrier concentration was found to becase of {/g+ nH), the strong C-H bonds offset the energy of
[p]=3.5x10" cm 2. Under such conditions our calcula- interstitial H incorporation, while in\{c+nH) the weaker
tions predict an interstitial hydrogen concentration of 1Si-H bonds do not. In a hydrogen-free environment the for-
X 10" cm™3. If we assume that hydrogen grows into the mation energy oW2; is 2.55 eV higher than that 6f2 even
lattice next to a boron atofiwvhich was not considered in Eq. under C-rich conditions, whereas in the presence of hydro-
(23) but is quite reasonable because of th¢iBsourcd its  gen the formation energy oM+ 2H)° becomes 0.63 eV
energy of incorporation is lowered by the binding energy oflower than that of Yc+2H)°. Sincen can go up to 4 in
the complex. Assuming a+{/—) occupation level for Hat  (Vg+nH) but only to 2 in ¢+ nH), the presence of hy-
E\+2.4(Sec. lll A) in 6H-SIC, our Eqs(23)—(25) require a  drogen is expected not only to reverse the relative concen-
decrease of about 0.8 eV in the formation energy, to obtain &ations ofV- andVg-type defects but to cause the concen-
hydrogen concentration of ¥cm™2. This gives an estimate tration of (hydrogenated silicon vacancies to increase to
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TABLE IV. Calculated concentrations of hydrogen defects10'? cm™3) in 3C-SiC assuming equilibrium of the stoichiometric crystal
with hydrogen gas|V+nH] and[V] mean the concentrations of all the charg&g{ nH) andV defects inp-type and all the charged
(Vgi+nH) andVg; defects inn-type materialall others are negligible under the given conditipris-— Ey is the Fermi level position with
respect to the VB edge under the given conditions.

Conditions Net carrigr conc. p-type (Bs), mc=us; n-type (No), mc=pus;i
cm-
em 10% 108 10" 10 10" 10" 108 10"
300°C Er—Ey (eV) 0.90 1.02 1.13 1.24 1.71 1.77 1.83 1.89
0.03 atm H [Hi] 1.0x10"° 9.8x10 1.0x10Y 1.0x10'®
uy=—13.84 eV [V+nH] 2.5x10% 49x10'® 5.0x10® 5.0x10Y7 5.1x10'®
V]
1700°C Er—Ey (eV) 0.72 1.09 1.26 1.28 1.29 1.31 1.48 1.84
1 atm H [Hi] 4.2x107 4.8x10'® 1.8x10'® 1.5x10'° 1.5x10% 1.3x10' 4.8x10° 5.8x10"
up=—15.75 eV [V+nH] 1.2x10%
V] 2.6x10° 3.5x10° 4.6x102 3.6x10 3.5x102 2.6x10%
1700°C Er—Ey (eV) 0.72 1.08 1.26 1.28 1.29 1.31 1.48 1.84
10 atmH, [Hi] 2.7x10% 3.2x10"“ 1.1x10* 1.0x10% 1.0x10" 8.3x10%® 3.0x10%® 3.7x10%
up=—16.61 eV [V+nH]
[V] 2.6x10% 3.8x10%° 4.6x102 3.6x10%2 3.5x10% 2.6x10%

detectable levelgespecially in hexagonal materiaFinally,  content of the gas is more effective. The concentration of
note that hydrogen incorporation is primarily governed byatomic interstitial hydrogen in highly dopg@type samples
the position of the Fermi level. The closer it is to the bandis somewhat lower than in the case of the plasma treatment.
edges, the more favorable are conditions for the charged hyn contrast, inn-type material, the concentration o¥;
drogen defects. Therefore, a decrease of temperature in-nH) defects is low(The latter may reach detectable levels
creases hydrogen incorporation during growth. in hexagonal polytypes.

2. Hydrogen-plasma treatment 4. Implantation

Plasma treatment is also a nonequilibrium process but, Implantation can obviously create almost any nonequilib-
apart from the surface region, a stationary state between th@&m concentration of hydrogen along with intrinsic defects.
concentration of atomic H (H+e™) in the plasma and hy- The relative stabilities per hydrogen atom and the binding
drogen in the crystal can be assumed. The concentrations ehergies of H and Hin vacancies, as given in Eqd)—(8),
hydrogen defects in a stoichiometri€3SiC crystal in equi- can serve as a guide to the complexes arising in the postan-
librium with 0.03 atm H at 300 °Gtypical temperature and nealing process. It is interesting to note that, unlike in Si, H
pressure of H-plasma treatmenis shown in Table IV. Un- is the most stable interstitial form ip-type and intrinsic
der such conditions Eq22) gives uy=—13.84 eV. As can 3C-SiC. Inn-type material, however, His more stable than
be seen, the interstitial hydrogen incorporationpitype  H™. This could explain the observation that hydrogen dif-
samples equals the net carrier concentration while no signififuses considerably more slowly in-type than inp-type
cant amount of Y¢+nH) is created. On the contraryy§  samples? It has to be noted, however, that diffusion after
+nH) defects are dominant in-type samples: quantities implantation should be limited primarily by trapping in sili-
equal to half the net carrier concentration are created igon vacanciegcf. Egs.(1) and(6)]. Our calculated binding
3C-SiC. energies betweeW; and H are within the bounds deduced

from experiments’
3. Annealing in hydrogen

In contrast to the above processes, in the case of anneaI-B' The effect of hydrogen on carrier concentration in SiC

ing in H,, the crystal is indeed in equilibrium with the am-  Hydrogen is best known in semiconductor technology for
bient gas. The only successful experiment of this kind wasassivating carrier traps arising due to the dangling bonds in
carried out on 61-SiC atp=10 atm betweem=1400 and amorphous silicon solar cells. This kind of passivation is
1700 °C’ Table IV contains concentrations calculated in sto-meant both in the chemical and the electrical sense: atomic
ichiometric 3C-SiC assuming equilibrium with 10 atm,Hit  hydrogen reacts with the free valence of a silicon atom, es-
T=1700°C. At this temperature 10% of hydrogen is as-tablishing a chemical bond. The bonding combination of the
sumed to be atomic, so data are also given for equilibriunsilicon sp® hybrid with the hydrogen s orbital becomes dou-
with 1 atm H. (The correspondinguy values are bly occupied and is pushed into the valence band, while the
—16.61 eV for H and—15.75 eV for H) Here, the concen- antibonding combination is empty and is shifted into the con-
tration of atomic(positive H is still significant in highly  duction band. As a consequence no electrically active state
dopedn-type samples as well. Again, the atomic hydrogenremains, i.e., in the usual formulation the carrier trap con-
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nected with the dangling bond is removed from the gap. Irthe predictions of Table IV. In CVD-grown epitaxial SiC
crystalline semiconductors the most important intrinsic cardayers hydrogen may have a fourth way of influencing the
rier traps are vacancies. Hydrogen passivates the vacancy @arrier concentratior{in addition to dopant passivation or
crystalline silicon andsee Sec. Ill Cthe silicon vacancy in  compensation and carrier trapp)ndpoping in this case is
3C-SiC as well. The effectiveness of hydrogen passivatiorrealized in growth based on the site competition mechaflism.
of traps depends on the way hydrogen is introduced. HighBy tuning the C/Si ratio, the access of N to C sites or of B to
temperature plasma anneals may creatg{nH) electron  Si sites is facilitated. Obviously, if hydrogen is present, there
traps (1<<4) in n-type hexagonal samples, instead of passiis one more possibility and H may fill the vacancies before
vating the existingVs; ones. In contrast to the case \¢§;, the dopants get there. As shown above, hydrogen incorpora-
the carbon vacancy in Si@n both cubic and hexagonal tion is substantial only imp-type samples, so the formation
forms; see Sec. Il Dcan be passivated by hydrogen in the energy of B; and of (V;+4H) should be compared. There-
chemical sense only, but the hole trap behavior remains bdore, we have calculated the total energy of a 32-atom SCM
cause of hydrogen entering three-center bonds between twa®ntaining boron in the substitutional position on the Si site.
silicon atoms, instead of saturating one dangling bond. HyUnder C-rich conditions and assuming the limit of the boron
drogen can passivate dopants as well, forming complexes ighemical potential to be equal to that in a boron cry&tahe
which no free valence remain@ is not necessarily bonded formation energy of neutral 8is 0.27 eV.(Note that this is

to the dopanj.Alternatively, the electrical activity of hydro- only a rough estimate, for the 32-atom unit is definitely too
gen defectgaway from the dopaitmay compensate that of small for a shallow acceptgrEstimating also the formation
the dopant. In Sec. Il A we have shown that interstitial hy-energy of neutral{s;+ 4H) from the available datésee the
drogen is a shallow donor in@GSiC, more abundant in discussion about CVD epilayers in Sec. IV gives a value
p-type material. Therefore, compensation of acceptors is exvery much higher than this, so hydrogen does not hinder
pected there. In hexagonal materia) i4 likely to be an  boron incorporation. During the annealing process after bo-
amphoteric carrier trap, since we predict the/(-) occupa-  ron implantation, however, ;Band H compete for the exist-
tion level at aroundcEy+2.4 eV, i.e., farther away from the ing Vg, defects. Using Eqg¢l) and(4), the energy gain of the
CB. Comparing the €/0) occupation level aEy,+2.3 in  reaction

3C-SiC (or the +/— occupation level expected at around

Ey+2.4 in hexagonal polytypgswith that of the shallow Vsit4H— (Vsit4H) (26)
dopants(Fig. 4), the formation of acceptor-hydrogen com- ¢ap pe estimated to be 8.4 eV, while the gain of the reaction
plexes is strongly favored because of the Coulomb attraction

of the oppositely charged centers. The formation(AifH) Vgi+ Bj— Bg; 27
complexes has been reportedpriype material? No such

attraction occurs between H and the shallow donors iri$ Only about 7.9 eV Therefore, hydrogen may restrict the
3C-SiC. However, regarding thex{/ —) occupation level of ~activation e_fficiency of the implanted boron. Work in this
H., as quoted above, and the higher lying/Q) level of the  direction is in progress.

shallow donors, we expect attraction in hexagonal material.

Still, due to the low abundance of interstitial hydrogen in C. Detection of hydrogen-related defects in SiC

n-type as-grown or plasma-treated SiC, neither passivation
by complex formation nor compensation of donors can be
expected in -SiC. In n-type hexagonal polytypes, where  The only unambiguous signature of hydrogen in SiC
donor + hydrogen complexes may form due to their mutualcomes from PL experiments;*° where the phonon replicas
attraction, high temperature,Hinnealing can create oberv- were assumed to arise from the local C-H modes \ifg; (
able concentrationgsee the H concentrations shown in +H). The stretching mode frequency we calculated in
Table 1V), although we expect them to be at least an order oBC-SiC, 2961 cm?, is well within the range measured in
magnitude lower than those of the acceptor-hydrogen comBH-SiC ~ (2962,2977,2988 cit) and in  4H-SiC
plexes inp-type samples. The main effect of hydrogen in (2959,2985 cm?). Our results also explain why these sig-
n-type samples is the formation o¥§+nH) electron traps. nals were seen only ip-type material and why no Si-H
Exposure ofn-type material (especially hexagonal poly- modes around 2100 cm were observed. Sincés; is nega-
types to atomic hydrogen, therefore, may result in a de-tively charged during the post implantation anneal for almost
crease of then-type carrier concentration. The presence ofall practical levels of doping whil&/ ¢ is positive inp-type
hydrogen inp-type hexagonal material after low temperaturematerial, H" will predominantly form {/g+H) complexes.
hydrogen-plasma treatment has been confirmed through if¥he binding energy is also higher iv§+H) than in V¢
passivating effect:l° At a doping level of % 10" cm 3the  +H).] However, the equlibrium concentration of hydrogen
passivation was much more prevalent patype than in is very low inn-type material(In stronglyn-type hexagonal
n-type samples after a low temperature ECR plasmaamples His negative and will be repelled by both vacan-
treatment? dc plasma treatment in the same doping rangeies) The presence of\(c+ H) defects can only be expected
[(0.2-3)x10%¥cm ™3] but at higher temperature in p-type CVD epilayers grown under Si-rich conditions or
(300-700°C) showed a free carrier decrease-tgpe ma- in plasma-treated samples. Even there, the Si-H stretching
terial due to intrinsic defect formatioff. These findings seem modes will be far outside the 2100-2300 thhrange ex-

to be qualitatively consistent with the discussion here, angbected, as explained in Sec. Il D.

1. Vibrational spectroscopy
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2. Paramagnetic resonance T5 signal should be connected to the reactions given by Eq.

The present study does not allow us to elaborate on thg_O), ie., tq the redistribution of hydrog(_an in the vacancies.
quantitative aspects of hydrogen-related paramagnetic cefn alternative could be the decomposition of thé(- 2H)
ters, but we would like to comment on the detectable one§OMPIex into ¥c+H) as in Eq.(8). It is difficult to tell -
and their symmetry. where the Fermi level is after eI_ectron |rrad|at|on._ Assuming
We do not expect a readily detectable EPR signal fron2N energy balance of 1.45 eV in Ed8) and (9) gives E¢
interstitial H in 3C-SiC, partly because of the low relative —Ey=0.7 €V, which is not unreasonable.
stability of the neutral charge stat&ec. Il A), but more Based on symmetry and spin distribution, it is also pos-
importantly because of the many possible ways a neutragible that the EI1 center, which has been seen onfytiype
interstitial H can get trapped at other defects. Paramagnetizexagonal materidf could be assigned toV+H)°. It
states of the\{+nH) defects should be observablegttype  should be noted that the EI1 afié centers are very similar
CVD epilayers after electron irradiation and heat treatmenin g value, the strength of the hyperfine interaction with the
(see Table Ill. Still, no paramagnetic H-related defect hasnearest Si neighbors, and the annealing behavior. The elec-
yet been reported, even thougl; (Refs. 46 and 67—-6%nd  tronic structure of the EI5 center i and 6H-SiC, which
Vc (Ref. 70 appear to be easily seen in all polytypes by EPRyas recently identified by ESR a4 ,’* is, however, very
or optically detected magnetic rgsonar(ﬁﬂ)l;/lR). Among giferent from that of theT5 center’®’*in the case of the
the (Vc+H) complexes Yc+H)® (Vct+H)®", and Vc g5 center, the hyperfine interaction with the nearest Si
.+2H)Jf are paramagnetic. The latter is marginally unstable,gjghhors is about two times larger than that of T cen-
in equilibrium, similar toV¢ , but may have a considerable (o “The EI5 center is also stable at higher temperatures as
lifetime under nonequilibrium conditions. Th¥§+H) sys-  ompared to thas center(the EI5 center is observed after
tem is bistabldi.e., the 3+ charge state has a different con- electron irradiation at 400 °C). As mentioned in Sec. Il D,

figuration from that of the + and neutral charge stajeand 0 - .
) . Vc+H)” andV¢ both haveC,, symmetry and very similar
th +H)2* . (VetH)” andVe . 2 :
us we do not expecMc+ H)™" to manifest itself. We note SPin distribution(see Fig. 10 Annealing around 200 °C re-

that practical measurements are carried out mostly und h h .
nonequilibrium conditions, unless the sample is cooled dowrOVes the EI1 center, together with the ES(1) center

very slowly in the dark. As mentioned in Sec. Ill B¢ and L Eq.4(6)]_. At the same time two new, similar spectra
(Ve+2H)* have very similar spin distributionéFig. 12). appear-. 0It is concglvable that EI1 and EI3 cgrrespond to
However, in £-SiC V¢ hasDy while (Ve+2H)* hasD, (Ve+H)Y and Fhe_trlplet chqr_ge state.OV&.Jr 2H) obseryed
symmetry. under nor_1eqU|I|pr|u.m colnd.|t|0ns: their dlsappgarance is con-
An observed EPR centefT6) with D, symmetry was nected with thglr dissociation—and the possible appearance
assigned to/¢ in electron irradiated CVD layers of@Sic ~ Of the trueVc signals. _
by Itoh et al.™®"* This assignment is rather curious, since a_ Ve note that arS=1 center withCs, symmetry was
positively charged vacancy should undergd g rather than ~ found™ using ODMR in &C-SiC and assigned to a complex
a D, distortion’? This is also what the present and offfer ©0f Vs; with another defect. It is tempting to identify this
calculations find. Th&'5 center has only been observed in defect with the triplet state ofMs;+H) ™, assuming that the
p-type and not even in weaklg-type 3C-SiC. ltohetal. Wet etching applied to remove the Si substrate introduced
explain this by assuming that the-(0) occupation level is hydrogen in addition to the amount grown in during epitaxial
at midgap, and the defect is not in the paramagnetic state igrowth.
n-type samples. This explanation also contradicts theory.
First, V¢ is a negativel system, sov¢ could only be ob-
served under nonequilibrium conditiofis.g., in lighd, but
then it could be observed imtype samples as well. Second, 10 the best of our knowledge, the only DLTS study re-
calculations unequivocally predidc to have a donor level lated to hydrogen was carried out il€SiC epilayers grown
well in the upper half of the gap. Assigning tii& center to by CVD and dopedn-type to 16°-10'°cm 2% The
(Vc+2H) ' instead would allow a more consistent interpre-samples were first irradiated by electrons, then by deuterium,
tation of the results. This complex does hdye symmetry, and finally annealed at 800 °C. After electron irradiation ac-
and it can be formed during electron irradiation if there is aceptor levels aEc—0.34/0.41 eV(the two values were as-
sufficient amount of interstitial hydrogen in the as-grownsigned to inequivalent lattice sifesand at Ec
epilayers. As can be seen from Table IlI, the detection limit— 0.62/0.64 eV as well as a donor levelig—0.51 eV were
of the concentration of mobile, interstitial hydrogen shouldfound. After deuterium implantation, thec.—0.34/0.41 eV
occur when the Fermi level is somewhere below midgappeak disappeared but no new peak arose. The following heat
Therefore, H-related defects, such &-{2H) can only be treatment restored tHe.—0.34/0.41 eV peak but eliminated
observed inp-type samples and not even in weaklstype  the one aE-—0.51 eV and greatly reducdelnd shifted the
samples. Thd5 center anneals out around 200 °C with anone atE.—0.62/0.64 eV. A series of isochronal anneals
activation energy of 1.45 eV. This was interpreted by Itohshowed that theE-—0.51 eV peak anneals out around
et al. as the activation energy d&f. diffusion. We may as- 200 °C with an activation energy identical with that of the
sume that this is indeed the case, and still assignThe T5 center in £-SiC (see Sec. IV A2 At the same time a
signal to ¢+ 2H). Then, however, the disappearance of thenew defect appeared with a peakEd—0.87 eV. Based on

3. Deep level transient spectroscopy

245202-16



AB INITIO DENSITY-FUNCTIONAL SUPERCEL . .. PHYSICAL REVIEW B 63 245202

the very similar annealing characteristics to fhe center, lated formation energies were used to give semiquantitative
the Ec—0.51 eV peak was assigrf@do the donor level of estimates for their concentrations after CVD growth, low
Ve. temperature H-plasma anneal, or heat treatment in high tem-
Assigning theT5 center to Y+ 2H) would then imply ~ perature hydrogen gas. Thermochemistry betweerj intgrstitial
that the Ec—0.51 eV peak is also connected with ¥ hydrogen and vacancies, introduced by implantation, is also
+nH) complex. The in-grown H content of the epilayers discussed. We have found that interstitial H is readily incor-
could have been in the bcm™3 range in the as-grown Porated inp-type material during growth, and it acts as a
samples of Ref. 20, but theVg+nH) concentration must shallow donor in £-SiC, compensating the acceptors. Com-

have been very lowsee Table lll. Electron irradiation may plex formation with the latter is also likely. In-type mate-
have increased the concentration of vacancies, and coull | interstitial H is the more stable form but the formation

have increased the concentration of vacareyhydrogen nergy is too high to allow for significant incorporation.
X T Vc+H) behaves as a hole trap, whereds;f-H) is an
complexes as well, since irradiation increases the temper

ture and can cause diffusion. Of course, the increasa/in ( lectron trap. The former has a lower formation energy, but

+nH) concentration is Iimited by the avr;lilabili(‘yhe origi- If both types of vacancy are present implanted hydrogen is

nal concentrationof H. That explains the observed low sen- p;f;;i?gglg t][gsrpﬁd d?glsg'n ;?:miﬂzggr:ggﬁgg dbaete

sitivity of the Ec—0.51 eV peak to the electron dose. If the P y yaroget

dominant o+ nH) defect is already present in the spec only two and thereby remains a hole trap. Plasma treatment
c -

trum. further hvdroen implantation obviously does not in_introduces a sufficient amount of interstitial hydrogen for
tro du'ce a newy eal? and tf?e low dose Kllﬂn*%/) robabl complete passivation ip-type material. Inn-type material,

P Co ) ) P Y the dominant defects are/§;+nH) electron traps, in suffi-
could not have caused a significant increase in peak heigh

Unfortunately, the calculated (2/0) occupation level of fent amount to halve the free carrier concentration. High
A X X . temperature annealing is effective in introducing hydrogen
(Vc+2H) is atEy+1.8 eV in L-SiC. Since the defect or- P 9 9 hydrog

bital h Il localized d i t & sianif even ton-type material. We have also calculated vibrational
d!ﬁas are ra eéwgcocatlﬁe , WE totnothexpecl a S'g?)' 'Cznhequencies, spin distributions, and occupation levels in order

Ierence in 4i-oit, with respect 1o the valence band. v, ¢4 jjitate spectroscopic identification of these defects. We
Therefore, our estimate inH6-SiC is aroundEc—1.3 eV,

N : uggest that some of the paramagnetic signals assigned ear-
which is substantially too low compared to the observe 99 b 9 g 9

- . ier to pure vacancies might originate fronv{nH) com-
peak position. In fact, we cannot predict any donor level a P 9 g £nH)

hiah this f f th b lated defect lexes. Qualitative extrapolation of our results to hexagonal
Igh as this for any of the carbon vacancy related detec olytypes explains the observed effects of hydrogen on the
For Vo we obtain the (2-/0) occupation level at

. . free carrier concentration. Calculations for thid 4olytype
Ey+1.93 eV(or atEy+1.55 eV if no LDA gap correction folytyp

: . : . are in progress.
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