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We investigate carbon single-atom and pair defects at théS8D; interface as candidate defects for the
density of defect states in the SiC band gap. In order to atelyrdescribe the electronic defect levels with
respect to the SiC band edges, we use a hybrid density fmattiohich reproduces the experimental band
gap of SiC. The carbon pair defect consisting of two neigimigosp?® hybridized carbon atoms is modeled
in various configurations within a SiC/Si@nodel interface showing good structural parameters andciale o
density typical of amorphous SiOThe carbon pair defect is found to contribute to the derwfigefect states
not only in the lower and/or mid band gap of SiC, but also indpper band gap, in contrast with previous
studies. The carbon pair defect is also investigated vieeouthr models to achieve insight into the energy
range spanned by its defect levels when the relative otientaf its sp? hybridization planes and the chemical
nature of its neighbors are varied. Carbon single-atomotiefen the oxide side of the interface are also modeled
and found to contribute to the defect density in the band gaypsimilar way as carbon pair defects. Comparison
to the experimental defect density suggests that defeatdving one or two carbon atoms cannot account for
the high defect density observed in the vicinity of the Si@dwction band.

PACS numbers: 68.35.Ct,73.20.-r,71.15.Pd



I. INTRODUCTION

With its high band gap and its thermal oxide $j@ilicon carbide (SiC) is the candidate of choice for higiwpometal-oxide-
semiconductor devices. However, in contrast with the SifSiterface, the SiC/Si@interface features a high density of defect
states Dj;) reachingl0'® cm—2eV—! near the 47-SiC conduction band, which hinders its use in the semicotwindustry.
The highD;; is generally attributed to carbon-related deféctdndeed, a systematically high&¥, is observed on oxidized SiC
faces composed of a higher density of carbon atbifise preoxidation cleaning of SiC surfaces by exposing treenittaviolet
radiation and oxygen was shown to result in a significant owement in the electronic properties of SiC/gibterfaces. It was
proposed that the surface defects that are removed by axicaie probably carbon clustér®ased on a comparison between
the internal photoemission spectra of SiC/Si@terfaces and of hydrogenated amorphous carbon films dedam SiQ, it
was suggested that the formationrebonded carbon clusters of different sizes could accourd fguasi-continuum spectrum
of interface states throughout the SiC band gap, the sizeedafltsters determining the position of the upper filledteterstates
and ther — 7* splitting2* Graphitic arrangements were observed at the unoxidizeds8ifaces, but such structures could
not be detected by X-ray photoelectron spectroscopy aftsitu oxidation>® Even if the presence of large graphitic clusters
at the SiC/SiQ interface could not be firmly established, smaller sizetehssor individual carbon-related defects could occur
as by-products of the oxidation. More recently, electrorapsagnetic resonance (EPR) experiments on oxidized p@itlis
identified carbon dangling bondsThese defects could successfully be passivated batH00C 2 but it remains unclear to
which fraction of the electrically active interface defetitese observations pertain. Recently, it was shown thasteopidation
anneal in nitric oxide followed by a post metallization aah@ hydrogen through a platinum gate known to catalyze atom
hydrogen formation resulted in a reduction of the trap dgrisy over an order of magnitude near the conduction Bafidt
was suggested that this treatment could eliminate thefthiceeoordinated atoms responsible for the high interfaap tensity
either by hydrogen passivation or by nitrogen replacenffetit.

Recent density-functional calculations shed some lighbaoth the atomic-scale oxidation mechanism &f-&iC and the
nature of possible defects at the SiC/giterfacel*Knaupet al. first studied typical defects occuring on the semiconductor
side of the interface and identified carbon-related defeatsesponding to thé;; in the lower part of the SiC band gap.
The same authors then focused on the oxide side of the ioggridentifying Si interstitials and doubly bonded C-C dime
as candidate defects with energy levels close to the SiCumtinth band->'3 In a subsequent study, Warg al. considered
correlated carbon dangling bonds as possible origin fofthén the SiC band gap

Density-functional calculations are indeed a powerful todnvestigate the nature of defects at the SiC/Si@erface. How-
ever, the determination of defect levels faces the diffictiiit the common local and semilocal density-functionalrapches
fail in giving a good description of the band gap. Furthereyanother difficulty consists in the realistic modelingted tnterface
as the electronic properties of the defect levels depent®iotal environment.

In this work, we study a variety of carbon single-atom and gafects located in the vicinity of the SiC-Sjinterface. We
make use of an atomistic model of the interface showing gtrodtsiral parameters and an oxide density typical of amaugh
Si0,.1% To overcome the band gap limitations of local and semiloeaisity-functional schemes, we adopt a hybrid density
functional® which gives a band gap for SiC matching the experimental Baeeach considered defect configuration, our study
thus gives the corresponding defect levels within the Sidlgap. These results provide a basis towards the intetiore tz
the experimental density of defect states at the SiC; $i@rface.

The present paper is organized as follows. Section Il is eMm the description of the methods and of the atomisticetsod
used in this work. In Sec. Ill, we consider carbon pair defégetvarious configurations both in the substrate and in théepx
and discuss the position of their calculated energy levEte C-C pair defect is then examined through a systematity siti
molecular models. Single-atom carbon defects in the oxid@lso considered. The conclusions are drawn in Sec. IV.

II. METHODSAND MODELS

The electronic structure is described within a spin-pakidensity-functional scheme, in which the exchangeetation
energy is given by the generalized gradient approximatiop@sed by Perdew, Burke, and Ernzerhof (PBHyor the wave
functions of the valence electrons, we use a plane-wavs basivith a cutoff energy of 70 Ry. In all calculations, ceatence
interactions are described by normconserving PBE pseudopals'® All models undergo full structural relaxations at the PBE
level. To achieve an improved description of the SiC band gapthen address the electronic properties using hybrid PBE
density functionald® in which a fraction of the PBE exchange interaction is regthloy nonlocal Fock exchange. Following a
recently proposed approaththe fraction of Fock exchange included in the calculatiensined to recover the experimental
band gap of SiC. For notation convenience, the fractioof included Fock exchange will be denoted in parentheser aft
the functional acronym, i.e. PB&]. We take care of the integrable divergence of the exchagmge, thus enabling’-point
sampling?® We here use thePmD packages!

The description of the SiC band gap is essential for an atezuepresentation and positioning of the defect levels. We
consider in this work both #-SiC and &1-SiC substrates. For reference, we first study these stdssiratheir bulk phase, i.e.
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crystalline 41-SiC and @7-SiC. We model hexagonal4-SiC and @7-SiC using a 96-atom structure and a 144-atom structure,
respectively. The experimental values of 3.2714 and 4.967®e c/a ratio are used for B-SiC and @1-SiC, respectively?
With the PBE functional, we find an equilibrium lattice coarsta of 3.096A for both SiC polytypes, in excellent agreement
with the experimental values of 3.073 and 3.08for 4H-SiC and &4-SiC, respectively. The B-SiC and &/-SiC band gaps
calculated at the PBE level (2.2 and 2.0 eV, respectivel@raty underestimate the experimental values (3.3 and\3.Bé&f.

22), as usual at this level of theory. This limitation is a@ne by the use of a hybrid density functional including 158 o
nonlocal Fock exchange. When aligning the electrostatiergi@l, we find the valence band edge shifting down-y6 eV and

the conduction band edge shifting up49.4 eV. Thus, the fraction of 15% Fock exchange yields bapd gaclose agreement
with the experimental ones for both SiC polytypes.

The 4H-SiC/SiO, model interface used here was generated previously th@aghuential scheme involving classical molec-
ular dynamics and density functional calculatidh©ur model contains a crystalline substrate with 8 planestefrating Si
and C atoms (8.4 thick) connected without any coordination defect to an gshous oxide layer with a thickness of 26 The
model structure shows good structural parameters and ae density typical of amorphous Si®® The 6/-SiC/SiO; model
interface was then generated by substituting the 8-pldheS#C substrate with a 12-pland®SiC substrate and allowing the
structure to relax further.

Via the use of a hybrid functional with a fixed fraction of Fokchange it is not possible to recover the experimental band
gaps for both interface components. Indeed, the use ef 0.15 required for SiC is inappropriate for the band gap of SiO
which is reproduced witlx = 0.35.1° Since it is important to situate the defect levels with respe the SiC band edges, our
priority is to ensure an accurate description of the SiC bgaqul The calculations involving the interface model aredfure
carried out withae = 0.15. Furthermore, we note that the interface calculations alpgest to the quantum confinement effect
due to the finite thickness of the SiC slab. This effect leadsdpurious increase of the SiC band gap in the interfacalediten.

To address this effect, the proper position of the SiC baiggedre determined in a defect-free bulk model of SiC andtego
with respect to the electronic structure of the interfadeldation through the alignment of the electrostatic ptsn

The defects selected in the present work have been idengegossible products occurring during the SiC oxidation
processi~14In the present work, we refrain from giving defect formatemergies because of the amorphous,Sé@mpo-
nent in our model. Indeed, the determination of defect faimneenergies is delicate for such models, because it i<diffto
distinguish defect-induced relaxations from lattice xakions??

The defect states in this work are studied through theirégaized) Kohn-Sham energy levels. This representatigohem
sizes chemical intuition through a picture based on motearbitals. In the specific case of defect levels at SiC{Siterfaces,

a description in terms of Kohn-Sham levels also offers dgltteorward comparison with previous studi€s!* Furthermore,
the Kohn-Sham levels are generally found to be in good ageeewith vertical charge transition levels. Such levelsfarad
by considering a charge transition without allowing thetegsto undergo structural relaxation. However, the use ®kibhn-
Sham spectrum for the determination of defect levels do¢sempunt for structural relaxation effects that could sagoon
charging. For specific defects, these effects have beemfoure negligible when evaluated with a screened hybridtfanal 2
but this result cannot trivially be generalized to any kifidefect system. Such effects could in principle be deteeahthrough
the calculation of thermodynamic charge transition leiralelving total-energy differences between structuradiiaxed defect
states of different charge. However, the treatment of adthdgfects in periodic systems suffers from sizable finite-sffects,
for which a reliable correction scheme in the case of defatdtsterfaces is not yet available. For illustration, wepde below
an estimate of the difference between Kohn-Sham and cheagsition levels for one bulk defect of the same kind as those
studied at the interface.

In following, the defect levels are given within a band demrpertaining to the #-SiC polytype, which shows the largest
band gap among the two polytypes. In case the defects needreddrred to the band edges di6SiC, these can be found by
lowering the SiC conduction band edge by 0.3 eV.

1. DEFECT LEVELSOF CARBON-RELATED DEFECTS

Conventional oxidation of SiC results in a much higher detensity of states at SiC/SiOnterfaces than at Si/SiQnter-
faces. The most obvious difference in the oxidation of the s&miconductors is that the key atomic-scale oxidatiom sfe
SiC entails carbon release. The incomplete removal of cecbald lead to various forms of carbon-related defectstireeithe
near interface SiC substrate or Si@xide. We start our study of carbon-related defects witmtlest simple one, i.e. the single
carbon interstitial.

A. Singlecarbon intergtitial in bulk SiC

Despite the neglect of interface specific effects, a bulk ehodl SiC provides an adequate starting point for descriltireg
main features of the single carbon interstitial. We use #&@t®m model of bulk &-SiC described in Sec. Il, and introduce



FIG. 1. (color-online) Carbon interstitial at a carbon $ita bulk model of 47-SiC. The ellipse circles the resulting twp? hybridized carbon
atoms represented in dark grey. Fourfold coordinated cadmal silicon atoms are represented in black and light gnggn(c respectively.
The schematics illustrates the bonding configuration leedmd after the defect creation.
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FIG. 2. C-C pair related defect levels in thél4SiC band gap, calculated with the PBE and PBE(0.15) funat®in bulk 47-SiC. The
majority and minority spin electrons are denoted by dowlaard upward arrows, respectively, and the occupied anduppéed levels are
represented by filled and open circles, respectively. Thenea band maximum is taken as origin. Energies are givel.in e

an extra carbon atom at a C lattice site, as shown in Fig. 1 nydorelaxation, one notices that structural adjustmemgsnly
occur in the immediate vicinity of the two neighbor carbooras. The volume of the tetrahedron defined by the four silicon
atoms enclosing the C-C pair increases by 10% upon insestithve additional carbon atom. With a value of 1XQhe average
Si-C distance involving one C atom of the pair decreases byé#tpared to bulk SiC. The average Si-C-Si angle is 138.4
(+1.4°) and the C-C bond is 1.3%. Finally, the angle between the planes of the & hybridized carbon atoms is 89.3and

the average dihedral angle Si-C-C-Si involving the C-C ga85.3 (with a standard deviation of 2.

We then study the electronic structure of the carbon iritedstlefect using a spin-polarized density-functionapegach at
the PBE and PBE(0.15) levels of thedfy:” The defect levels are aligned to the band edges of the diséscbulk model of
4H-SiC through the local electrostatic potential. At a disggreater than & from the carbon interstitial, the local electrostatic
potential is unaffected by the defect. The energy diffeesrimetween the average electrostatic potential and thedzhges are
therefore determined in the defect-free bulk model &f-8iC and reported with respect to the local electrostattemqial far
from the carbon interstitial in the defect model to retriéive correct positions of the band edges. Figure 2 shows tefeet
levels located in the band gap of SiC, both in the PBE and PBBj&alculations. Two levels, located at or below midgap



FIG. 3. (color-online) Isosurfaces of the density (0.15)aofithe C-C pair related defect states in tHé-&iC band gap, as identified in Fig. 2.



in the PBE and PBE(0.15) calculations, respectively, amipied, while one defect located just below the conductamdbis
unoccupied. When comparing the description of the defeetidan the PBE and PBE(0.15) calculations, one observesya ve
good agreement for the positions of the occupied levels rggpect to the valence band edge. Similarly, a very gooccaggat
for the unoccupied level is observed when referred to the&gotion band. The two occupied levels are located &0 and
~1.3 eV above the valence band while the unoccupied leveli2 eV below the conduction band. In the hybrid functional
calculation, the valence band shifts down with respect ¢ddleal electrostatic potential, while the conduction bamales up
(cf. Sec. II). Upon the inclusion of a fraction of nonlocaldkexchange, the occupied and unoccupied defect levelbarefore
affected in a similar manner as the valence and conductiod)aespectively.

The projections of the states in the SiC band gap on the atorbitals allow one to identify the carbon atoms of the C-Q pai
as the origin of the defect states. The isosurfaces of thsitygwiz. the square of the wave function) of the three de$tates
are plotted in Fig. 3. The C-C pair is composed of tw3 hybridized carbon atoms. However, the planes of thgirorbitals
are nearly perpendicular, which results in a singleond with an energy level located below the valence bandmaxi. Two
singly occupied orbitals (one on each carbon atom) account for the occupiaald in the band gap [Fig. 3(a) and (b)]. Their
corresponding unoccupied orbitals of opposite spin arat&ztat higher energies, one of which results in the unoecupiel
located just below the conduction band [Fig. 3(c)]. The @ctipns of the unoccupied states on the atomic orbitalatsitthe
unoccupie orbital corresponding to the higher occupied level in thecogap at~0.15 eV above the conduction band. This
state is only partially localized on one carbon atom of th€ @air due to its resonance with the conduction states of Hi€.
modeling of the carbon interstitial in bulki-SiC indicates that trap states related to carbon defedfseirsubstrate can be
present in the upper part of the band gap, in contrast withigue studies?14

To evaluate the effects of structural relaxation upon dngrgve also derive charge transition levels associatedeaharg-
ing of the first unoccupied defect state of the carbon intékin bulk SiC. Adopting the PBE(0.15) hybrid functionate
obtained th&) /— charge transition level from the difference between thal ®ergies of the neutral and the negatively charged
state?® We account for finite-size effects by considering the firsteo Makov-Payne correctidhand the shiftAV of the av-
erage potential®> We first considered the vertical charge transition levelicWlis obtained without considering any structural
relaxation in the charged state. The level is found at 3.11reM the valence band maximum, in close correspondencethgth
Kohn-Sham level at 3.10 eV [cf. Fig. 2(b)]. When a full stnuetl relaxation of the negatively charged defect staterisezhout,
the0/— charge transition level drops to 2.52 eV. This result coorakes our finding that the trapping of an electron indeeddea
to a defect state within the SiC band gap. From the quantidiet of view, the present result indicates that the comatifen
of the structural relaxation in the charged state might keaan appreciable shift of 0.6 eV to lower energies for thisdkof
defects.

B. Carbon pairsin SiC at the4H-SiC/SiO, interface

Adopting the model of the #-SiC/SiG, interface introduced in Sec. I, we here study the carbondefict in five different
configurations on the substrate side of the SiC/Si®erface. Ball and stick representations of the consitleomfigurations are
displayed in Fig. 4.

In configurations SiC-C-Si, and (S-C-C-Sk)’, a carbon interstitial shares a carbon lattice site withtamaof the SiC
substrate. These two configurations only differ by the pmsiof the defect with respect to the plane of the interfacel, thus
only configuration Si-C-C-Sk, is represented in Fig. 4(a). In this configuration, the caiattice site locates in the last C plane
of the SiC substrate, thereby placing the C-C pair in the idiate vicinity of the interface. In configuration (SC-C-Sk)’,
the C-C pair is situated farther down into the substratepatig3A from the interface. The third considered configuration is
C,-C-C-G; [Fig 4(b)]. Here, the carbon pair replaces a Si atom in thelgsone Si plane of the SiC substrate. Each carbon
atom of the pair therefore bonds to two other carbon atomgppesed to silicon atoms in the first two configurations. The
fourth and fifth configurations are obtained by the insertiba C-C pair into the substrate [Fig. 4(c) and (d)]. This givise to
intermediate situations in which each carbon atom of thergtitial C-C pair bonds to one silicon atom and one carbomatif
the substrate. The difference between the last two confignsacomes from the relative positions of the silicon attrmsding
to the carbon atoms of the C-C pair. When looking along the libad, the two silicon atoms can either be found on the same
side as for CSi-C-C-SiC in Fig. 4(c) or on opposite sides a€fi-C-C-CSi in Fig. 4(d). The main structural parametdithe
relaxed defect models are summarized in Table I.

In Sec. Il A, it was shown that the defect levels associatiéh the carbon pair originate from non-bondipgrbitals of the
carbon atoms when the planes of thei? hybridized orbitals are nearly perpendicular. The firseéhconfigurations, i.e. i
C-C-Sk, [Fig. 4(a)], (Sk-C-C-Si)’, and G-C-C-G; [Fig. 4(b)], share this feature. The defect configurationsGGC-Si, and
(Si;-C-C-Sb)’ only differ by their distance from the interface, only therfer being represented in Fig. 4(a). Their distance and
angle parameters are rather similar and the overall defediguration remains unchanged. Nevertheless, when cadpathe
analogous bulk defect (cf. Sec. 111 A), the;SC-C-Si, configuration lying closer to the interface [Fig. 4(a)] isfal to undergo
slightly larger structural rearrangements. In the@GC-GC, defect model [Fig. 4(b)], the distances between carbon sitoin
the C-C pair and their neighbors are strongly reduced, tgawiore space for the C-C pair than in the previous configurati



(a) Si,~C—-C-Si,

FIG. 4. (color-online) (a)-(d) The carbon pair defect in SiCthe SiC/SiQ interface in four different configurations. A variant of the
configuration in (a) is also modeled and labeled as-(SIC-Si)’ (see text).
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FIG. 5. (a) PBE and (b) PBE(0.15) defect levels related tacrbon pair defect in SiC at the SiC/Si@terface in the five configurations
considered (cf. Fig. 4). The majority and minority spin ¢lens are denoted by downward and upward arrows, respictel the occupied
and unocuppied levels are represented by filled and opelesirespectively. The unoccupied levels located abov&iGeconduction band
are represented by a dotted line. Energies are given in eV.



TABLE I. Distance and angle parameters of the-&-C-X structures (X refers to Si or C) in the SiC substrate. Thectires are labeled
according to Fig. 4. In the case of the last two structure€ &hid then Si-C distances are given in the correspondingreoliDistances are
given inA. The last two columns give the angle between the planeseditb sp® hybridized carbon atoms and the average dihedral angles of
the Xz-C-C-X; structure, respectively. Standard deviations are giveraientheses.

Cc-C X-C £ X-C-X Z(sp® pl) o dih.
Sip-C-C-Sh 1.39 1.80 134.9(4.2) 89.7 74.9 (2.3)
(Sio-C-C-Si)’ 1.38 1.79 138.2(0.9°) 89.5 89.C° (0.7°)
C,-C-C-G, 1.43 1.54 137.5(1.5) 89.4 82.£ (0.8)
CSi-C-C-SiC 1.37 1.46/1.78 122.81.0°) 15.2 49.6 (3.5°)
CSi-C-C-CSi 1.38 1.45/1.75 127.110.0°) 38.1° 52.5 (7.2)

FIG. 6. (color-online) Isosurface of the density (0.15 Jaaf.the occupied defect state related to the carbon pairér{ah CSi-C-C-SiC and
(b) O2-C-C-0; structures.

However, despite the different chemical nature of the rgegh of the paired carbon atoms, the overall structure nesnagry

similar to the first two defect configurations. In the last teanfigurations, CSi-C-C-SiC [Fig. 4(c)] and CSi-C-C-CSigF
4(d)], a carbon pair interstitial is introduced in the cloganity of the interface. The addition of two carbon atomdtie last
planes of the substrate results in a contraction of the bemgths between the carbon atoms of the C-C pair and theinbeig

compared to the first three structures. However, the maferdifice resides in the angle between the planes of thesp#o
hybridized carbon atoms. Whereas the planes of thesp¥dybridized carbon atoms are nearly perpendicular in thetfirse

structures [Fig. 4(a) and (b)], they are almost parallehmlast two configurations [Fig. 4(c) and (d)].

We then turn to the electronic configurations of these defractures at the interface. Due to the quantum confinement
effects related to the finite thickness of the substrateSiGeband edges determined from the local density of stagebiased.
Hence, the defect levels are aligned to the bulk band extteroagh the local electrostatic potential. Figure 5 shdvesdefect
levels associated with the carbon pair calculated at the ®REPBE(0.15) levels of theofy.The quantum confinement of the
substrate in the interface structure induces a band gaprapehSiC (cf. Sec. II). In the interface structure, somelladalized
defect levels close to the band extrema but in the band galCaisSfound in the interface model can therefore appear atheve
conduction band inferred from the alignment of the bulk bsimdcture.

Overall, the electronic structures of the defects as obthimith the two functionals agree very well. In particulascopied
levels aligned with respect to the valence band do not diffemore than 0.03 eV. Similarly, the unoccupied levels show
differences of at most a few tenths of eV when referred to trelaction band edge.

The electronic structures of the defects-8+C-Si, [Fig. 4(a)], (Sk-C-C-Sk)’, and G-C-C-G,; [Fig. 4(b)] appear very similar.
In all these configurations, two occupied levels locate betwabout 0.7 eV and 1.2 eV above the valence band and their
separation ranges from 0.1 eV to 0.3 eV (Fig. 5). Contradlgrievious studie?**we also found unoccupied levels within the
SiC band gap. Two unoccupied levels lie between 0.4 eV bdiewedbnduction band and 0.2 eV above the conduction band, and
are 0.1 eVto 0.5 eV apart (Fig. 5). The observed differencenéergy position can be attributed to the local environroétite
defect C-C pair. In particular, when a carbon atom sharesteodattice site, the location of the first unoccupied lénghe SiC
band gap can vary by 0.4 eV depending on whether the defactste is located in the vicinity of the interface [cfoST-C-Sb,
Fig. 4(a)], or farther down in the substrate [cf.{%-C-Si)'], due to different structural relaxations. In a perfectyrsnetric
arrangement around the C-C pair and provided their interactan be neglected, the two occupied and the two unoccupied
carbon levels would be degenerate and located at the samgyeBepending on the structural relaxations allowed byldleal
constraints of the environment, departures from this id@&ahtion occur and the two occupied and the two unoccuiesld
split. Despite these small differences in energy levetspitcupied and unoccupied levels in all three defect cordtgurs share
the same origin.

In defect structures CSi-C-C-SiC [Fig. 4(c)] and CSi-C-Si(Fig. 4(d)], a different situation occurs. In contrastiwthe
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(a) SIO-C-C-SiO
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FIG. 7. (color-online) The carbon pair defect in Si@t the SiC/SiQ@ interface in three representative configurations. Theriiegeof the
C-C pair in various environments is represented schentigt@ad the corresponding ball-and-stick representatimfrifie relaxed structures
are shown.
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TABLE II. Distance and angle parameters of the-&-C-X; structures (X refers to Si or C) in the oxide. The structuredabeled according
to Fig. 7. Distances are given A The last two columns give the angle between the planeseoftb sp> hybridized carbon atoms and the
average dihedral angle of the,>C-C-X; structure, respectively. Standard deviations are givgramentheses.

Cc-C O-C Si-C Z X-C-X Z(sp* pl.) o dih.
Si0-C-C-Si0 1.36 1.38 1.87 118.06.6°) 10.1° 11.1° (8.1°)
(SiO-C-C-SiO} 1.39 1.39 1.87 128%9(1.1°) 3.9 10.£4 (6.1°)
0,-C-C-O; 1.36 1.37 — 117.8(2.1°) 16.3 16.2 (0.9°)
(0,-C-C-0)’ 1.35 1.37 — 119.1(0.9°) 51.C° 725 (4.3)
Sip-C-C-Sh 1.38 — 1.91 118.0(3.9) 485 51.C° (23.5))
(Sip-C-C-Si)’ 1.40 — 1.92 100.0(2.9°) 53.3 52.3 (5.7°)

first three defect structures, the angle between the pldribe two sp? hybridized carbon atoms is far from @0n these cases,
the p orbitals of the carbon atoms of the C-C pair can overlap ant Bor bond. The isosurface of the occupied defect state
associated to the carbon pair in the CSi-C-C-SiC structishown in Fig. 6(a). This results in a defect level doublyupied

in the lower part of the SiC band gap. As noticed for the unpemilevels in the first three structures, the different loca
environments (in particular the angle between the plandseofwosp? hybridized carbon atoms in this case) account for the
variation of the defect level position. The correspondingeacupied level does not occur in the band gap.

C. Carbon pairsin SiO; at the4H-SiC/SiO; interface

During the SiC oxidation, carbon atoms could incorporath@SiG, oxide. We therefore investigate possible configurations
of the C-C pair in the oxide. In the considered series, thearaatoms bond to each other and to either (i) one silicon atoan
one oxygen atom [SiO-C-C-SiO, Fig. 7(a)], (ii) two oxygepras [G,-C-C-0O,, Fig. 7(b)], or (iii) two silicon atoms [SiC-C-

Sip, Fig. 7(c)]. For every kind of bonding, we consider two vati& the second one being denoted by a prime.

For the construction of the SiO-C-C-SiO defect, we insettezlcarbon atoms at the interface by disrupting Si-O bonds [F
7(a)]. In the first variant, the Si-O bonds that the C-C pasrapts involve silicon atoms of the first Si plane of the oxaahel
oxygen atoms of the second O plane. The second variant esgilicon atoms of the terminating Si plane of the substhiate
constructed the ©C-C-O, defect model by replacing a silicon atom belonging to the Siplane of the oxide with a C-C pair
[Fig. 7(b)]. The two variants differ by the choice of the rapéd silicon atom. For achieving,SC-C-Si, defects, we replaced
two neighboring oxygen atoms with a C-C pair [Fig. 7(c)]. e ffirst variant, the replaced oxygen atoms belong to theQirst
plane of the oxide, whereas in the second one the C-C paicasdd at about 12 from the interface.

Table Il summarizes the bond lengths and bond angles of fleetdstructures. The distance between the carbon atoms of th
C-C pair and the distance between carbon atoms of the C-Gpdioxygen/silicon neighbors are very similar in the sixedef
structures. In contrast, the angle parameters cover a witgerof values. In particular, the angle between the plafiée dwo
sp? hybridized carbon atoms varies between #0d 53, at variance with the C-C pair defect structures in SiC. Thadard
deviation of the dihedral angles involving the C-C pair alescribes the large departure from the modeling of the Ci#Cipa
SiC where the defect structure could be schematically seprted as two orthogonal planes with all dihedral anglesecto
90°. The amorphous Sipnetwork is indeed more deformable than the SiC crystal anchcaomodate more easily important
structural relaxations.

Figure 8 shows the defect levels of the six C-C pair defecfigarations calculated at the PBE and PBE(0.15) levels aftthe
The descriptions of the occupied and unoccupied levelgspand very well and their locations with respect to theneadeband
and conduction band agree within 0.1 eV. In all six defeatcitrres a doubly occupied level locates in the low/mid pathe
band gap. In contrast with the first three defect structuredated in the SiC substrate, the angle between the two plarmesd
by each carbon atom of the C-C pair and its neighbors is fan 86° and varies between $@nd 53. In these cases, the
orbitals of the carbon atoms of the C-C pair can overlap anu for bond as in the last two defect configurations modeled in
SiC at the interface. The isosurface of the occupied defatt selated to the carbon pair in thg-8-C-O, structure is very
similar to that of the CSi-C-C-SiC structure modeled in Sid & shown in Fig. 6(b).

For each bonding configuration, the two considered varisansple different structural representation of the C-C gefect
with the same neighboring environment. Despite their diffié structural parameters, in particular the angle betlee planes
of the sp? hydridized carbon atoms, the occupied defect levels remlaiost unchanged for a given shell of nearest neighbors.
Hence, the angle between the planes ofdphydridized carbon atoms appears critical to determine dredne finds two
singly occupied unpaired orbitals or one doubly occupigdepleorbital. However, within the range of angles allowirg f
bonding, the energy level does not appear to depend in apgiaeeway on this angle.

Another difference with the models of the C-C pair defect i@ 8an be seen in the detection of unoccupied levels. The
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FIG. 8. Defect levels related to the carbon pair defect ifover configurations (cf. Fig. 7). The occupied and unocupjgeels are represented
by filled and open circles, respectively. Unoccupied lel@tsited above the SiC conduction band are represented biyeal dioe. Energies
are given in eV.

antibondingr orbital could be detected only in the configuration where @€ pair bonds to four Si atoms [Fig. 7(c)], as
studied earlier by Knaupt al® In the two variants of the $iC-C-Si, defect, our calculations locate the unoccupied states
slightly above the conduction band of SiC, independent stadce of the defect to the interface. Knatl. located this level
just below the conduction bartd,but such small variations could depend on different stmattdetails. It can therefore not
be ruled out that the defect levels of some C-C pair defedténniear interface oxide appear below the SiC conduction.band
However, a more significant difference of our results witbpect to those of Knaugt al. concerns the location of the highest
occupied level of the $iC-C-Si, defect. In our calculation, it is found well within the SiCrizhgap establishing thereby a clear
correlation with the appearance of an unoccupied stateeinvitinity of the conduction band. At variance, Knagfpal. found

this level to lie below the valence band maximdin.

D. Investigation of the C-C pair defect via molecular models

We have modeled C-C pair defects in the SiC substrate an@in 8i both cases, defect states located around the conduction
band of SiC could be identified. To investigate the energgeahat these defect states can span, we here study the C\Ggpai
molecular models. The variety of possible bonding envirents of the C-C pair and the complex structural arrangenteads
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(b)

FIG. 9. (color-online) Isosurface of the density (0.15 yaf.thep orbitals in the G(SiHs)4 molecule when the angle between the planes of
the twosp? hybridized carbon atoms is (a3 Qb) 45°, and (c) 90.
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FIG. 10. (color-online) Evolution of the highest occupieddl(s) and lowest unoccupied level(s) in thg(&iHs). molecule for the angle
between the planes of the tvwep? hybridized carbon atoms varying betweehdhd 90. The energies are referred to the highest occupied
level. The same trends are found for thg{CHs)+ and G(OH)s molecules. The values of the characteristic energiesatelicare given in
Table IlI.

to a distribution of defect levels. However, a major paranappears to be the relative orientation of pharbitals of the two
sp? hybridized carbon atoms. We therefore investigate thetiposiof the defect levels of the C-C pair versus the angleden

the planes of the twep? hybridized carbon atoms. We study three molecules in wiiehQ-C pairs show the same neighbors
as in the defect structures at the interface{SiHsz)4, C.(CHs)4, and G(OH),. The geometry of the molecules is fully relaxed
with the only constraint being the angle between the plahtieedwo sp? hybridized carbon atoms which is kept fixed at angles
varying between®and 90. Figure 9 shows the isosurfaces of the density of the C-@statthe G(SiHs3)4 molecule when the
angle between the planes of the tw& hybridized carbons is® 45°, and 90. The two angles Dand 90 lead to isosurfaces
very similar to the ones of the C-C defect structures insSi@here thep orbitals are nearly parallel and pair up, and in SiC,
where thep orbitals are almost perpendicular and do not overlap, rtsdy. The positions of the highest occupied and lowest
unoccupied defect levels of the C-C pair vs. the angle baiwiee planes of the twsp? hybridized carbons are shown in Fig.
10 for the G(SiHs), molecule. The other molecules show a very similar behavibe main characteristic energies defined in
Fig. 10 are reported in Table 11l for all three molecules.

In all three molecules, the smallest separation betweehitifeest occupied and lowest unoccupied levels occurs wheen t
most stable configuration switches from a spin-unpolariaedspin-polarized configuration around®80he largest separation
between occupied and unoccupied levels is obtained whesldahes of the twap? hybridized carbon atoms are parallel. When
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TABLE lll. Characteristic energy values (in eV) describitig evolution of the highest occupied and lowest unocculgeels as a function
of the angle between the planes of the twd hybridized carbon atoms in the;(SiHs)4, C2(CHs)4, and G(OH), molecules, as obtained at
the PBE(0.15) level of theory. The energies are defined inTlg

AEvc AFEv: AFEv» AFEc: AFEc2
Co(5iH ), 22 7 03 08 03
C2(CHs)4 2.5 1.8 0.4 1.9 0.7
C2(OH)4 26 0.9 0.4 28 08

they are orthogonal, the highest occupied level and thedbweoccupied level are shifted down and up by about 0.3490.8 e
with respect to their maximum and minimum value, respebti{ef. Table III).

The picture provided by these molecular models is partidhaonly parameter is the angle between the planes of the two
sp? hybridized carbon atoms. However, it highlights some iedéing features of the C-C pair defect. First, the defetestaf
the C-C pair near the SiC conduction band that have loweg@&secan be identified and occur for an angle between the plane
of the twosp? hybridized carbon atoms close 480°. This situation occurs much more frequently in the SiC salbstwhere
the tetrahedra formed by the atoms bonded to the C-C paiotéenstrongly distorted. On the other hand, the structwerat
a C-C pair in amorphous Siran relax much more easily and accomodatetmnd stabilizing the system. This accounts for
the rare detection of unoccupied C-C levels when the defatiddeled in Si@in contrast with the modeling in SiC. Second,
the chemical nature of the atoms bonded to the C-C pair hampact on the splitting between occupied and unoccupied
levels. The G(SiHs3)4 molecules features the smallest separation between @ztapd unoccupied levels throughout the whole
angle range. The only unoccupied levels detected in theefactimodels in the oxide are indeed associated witfCsC-Sk,
structures. In the SiC substrate, the lowest unoccupied€ detected also derives from the $-C-Si, defect structure.

The qualitative comparison between the separations ofdbiggied and unoccupied levels of thg-&i-C-Si, structures at the
interface and of the £SiHs), molecule is also instructive. TheSC-C-Si, structure embedded in SiQFig. 7(c)] features a
level separation of 3.0 eV at the PBE(0.15) level of theoriieiVthe angle between the planes of the spohybridized carbon
atoms of the g(SiHs3)4 molecule has the same value-o#9°, the level separation is 3.6 eV in reasonable agreementtidth
value for the defect structure in SjOWhen an analogous comparison for the twe-GiC-Si, structures in SiC [Fig. 4(a)] is
performed, a similar agreement is obtained with an averag $eparation of 2.1 eV for the interface structures, todvepared
with a level separation of 2.7 eV for the molecule with an arafl90°. This agreement is sufficiently good to use the molecular
models together with the modeled defect structures at teefate for an estimation of the energy range of the C-C défeels.
Combining these two approaches allows us to consider, oartednand, all the possible angles between the planes of the tw
sp? hybridized carbon atoms, and, on the other hand, the effébeanterfacial environment. Takingiie! as the energy of the
lowest unoccupied level in the,(SiH3), molecule when the angle between the planes of thesptdybridized carbon atoms
is 9C°, we note from Fig. 10 that the minimum of the lowest unoccdeel in the G(SiH3), molecule locates aE5g! — 0.3
eV, when the angle between the planes of the gwfohybridized carbon atoms is 78As the modeled $+C-C-Sk, structures in
SiC at the interface [Fig. 4(a)] also feature an ang®°, we can align the average energy of the lowest unoccupietlilethe
modeled Si-C-C-Si, structure in SiC toEg%%l of the G(SiH3)4 molecule. Finally, this gives a minimum value for the lowest
unoccupied level at the interface located at about 0.4 ebWbtie SiC conduction band. This suggests that this type fefctie
gives rise to a rather broad distribution of energy levels.

E. Singlecarbon atomsin SiO; at the4H-SiC/SiO interface

Two defect structures involving single carbon atoms on tkideoside of the SiC/SiQinterface are studied here. We first
consider a carbon atom replacing a silicon atom and formivgral to four oxygen atoms of the oxide. Then, we study a carbon
atom replacing an oxygen atom in a Si-O-Si bond and thus fayraiS;-C-O structure. Ball-and-stick representations of these
two configurations are shown in Figs. 11(a) and (b).

When one carbon atom replaces one silicon atom in the oxiaeonie[Fig. 11(a)], the structural rearrangement is dribgn
the shorter C-O distance. In the relaxed structure, theagee€-O bond length is 1.44, about 16% shorter than the average
Si-O bond length in the oxide. All the other structural paesens remain almost unchanged upon replacement of a sdioon
by a carbon atom. In the SIC-O structure [Fig. 11(b)], the carbon atom is threefoldrctinated. The angle between the two
planes defined by the Si-C-O atoms is only P1raking the overall structure almost planar. The Si-C bendgjths of 1.8
are comparable to the bond length in the SiC substrate, @@ bond length is 1.2&. The Si-C-O angles are about 122

The electronic structure of the configuration in which a carbtom replaces a Si atom [Fig. 11(a)] does not reveal argctlef
level in the SiC band gap. The chemical similarity of carbod ailicon accounts for this. In theSSC-O structure [Fig. 11(b)],
one doubly occupied defect level lies in the lower part of #i€@ band gap as found previously by Waeigal.'* while one
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FIG. 11. (color-online) Schematic and ball-and-stick esgntations of the (a) C4«Gnd (b) Si-C-O structures.
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FIG. 12. Defect levels associated with the carbon atom o8ikeC-O structure shown in Fig. 11(b). The occupied and uno&dplevels are
represented by filled and open circles, respectively. Umpied! levels located above the SiC conduction band aresepted by a dotted line.
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FIG. 13. (color-online) Isosurface of the density (0.15)aad (a) the occupied and (b) the unoccupied defect stateeiist-C-O structure, as
identified in Fig. 12.

unoccupied level locates slightly above the SiC condudignmd. These defect levels can be attributed to one of thesoxigme
pairs and to the™* anti-bonding orbital, respectively (Fig. 13). The secorggen lone pair is lower in energy and does not give
any level in the gap. The overall picture for the unoccupiefédt level is very similar to that of the C-C pair when thengls of
the twosp? hybridized carbons are nearly parallel.

IV. CONCLUSIONS

We investigated candidate carbon single-atom and paircteé the SiC/Si@ interface with the aim of determining their
contribution to theD;; in the SiC band gap. We resorted to a scheme based on hybsiydfmctionals in order to overcome
the band gap underestimation of semilocal functionalsclviaiould prevent an unambiguous comparison between theary a
experiment. Indeed, the identification of typical neariiftee defects is expected to mainly rest on the position efgnlevels
with respect to the relevant band edges.

Since the carbon interstitial in SiC gives rise to a defecicstire involving a pair of carbon atoms, we focused on aetaof
such carbon pair defects in various locations across thiSfdg interface. The C-C pair defect involving? hybridized carbon
atoms in bulk SiC was found to give occupied defect energgisem the low/mid part of the SiC band gap but also unoccupied
levels in the upper part of the SiC band gap. The electrorfieati¢evels of various C-C pairs configurations on the satbstr
and oxide sides of the SiC/SjOnterface were then investigated. Despite their struttlifierences, their energy levels showed
a similar pattern as in bulk SiC. The study of the C-C pair dieféa molecular models showed that the positions of its ctefe
levels in the SiC band gap depend on the chemical nature afeigibors of the C-C pair and on the relative orientatiorhef t
planes of the twap? hybridized carbon atoms.

Our study also comprised two carbon single-atom defecth®@oxide side of the SiC/SiCnterface. When the carbon atom
is substitutional to a Si atom, no defect levels were fourthénSiC band gap. The other carbon single-atom defect coaeder
carbon atom incorporating at an oxygen site and giving nse $-C-O structure. This defect shows an occupied defect level
in the lower part of the SiC band gap and an unoccupied defeet tlose to the SiC conduction band, in close analogy to the
carbon pair defects.

These results indicate that defects involving just one ard¢arbon atoms concurrently contribute to the defect dgnsthe
low/mid part of the SiC band gap and near the SiC conductiod pestablishing a strong correlation between the defedities
in these energy ranges. Our study shows that the contribafithese carbon defects to the defect density is expectauhtsist
of broad peaks because of the sensitivity to the local stra@nd environment. Therefore it is reasonable to assuatetich
defects contribute to the background level of the defecsitgm large portions of the SiC band gap. However, inspectif the
experimental defect density at the SiC/Siidterface also reveals the occurrence of an intense andwaeak in the vicinity
of the SiC conduction band. This peak does not appear tolatereith any significant defect density in the lower partiod t
SiC band gap. Hence, these considerations suggest thabithieaht contribution to the peak occurring in the vicinitytioe
SiC conduction band cannot originate from the carbon defgctdied in this work. The origin of the experimentally adel
near-interface trap levels could thus not be identified @ndains elusive.

In the present study, we scrutinized various candidatectiefea their Kohn-Sham energy levels providing a picturseoh
on chemical intuition and molecular orbitals, towards thentification of the main contributors to the defect densftgtates at
the SiC/SiQ interface. From our study, it also appears that the corsiiterof structural relaxation upon defect charging could
lead to an improved quantitative description of the defeatls.



17
ACKNOWLEDGMENTS

~ We acknowledge useful interactions with V. V. Afanas’evDRak, S. Dhar, L. C. Feldman, E. L. Garfunkel, and®.
Olafsson. Partial support from the Swiss National SciermenBation is acknowledged (Grant No. 200020-111747). Most
of the calculations were performed on the BlueGene commitEPFL. We also used the cluster BADES-EPFL and other
computational facilities at DIT-EPFL, CSEA-EPFL, and CSCS

1 V. V. Afanas’ev, A. Stesmans, M. Bassler, G. Pensl, M. J. &hand C. |. Harris, Appl. Phys. Let88, 2141 (1996).

2 V. V. Afanasev, M. Bassler, G. Pensl, and M. J. Schulz, Phtat. Sol. (a)162, 321 (1997).

3 \. V. Afanas’ev, F. Ciobanu, S. Dimitrijev, G. Pensl, and AeSnans, J. Phys.: Condens. MattérS1839 (2004).

4 V. V. Afanas’ev, M. Bassler, G. Pensl, and M. J. Schulz, J.I1APpys.79, 3108 (1996).

5c. Virojanadara and L. |, Johansson, Surf. Sci. L4472, L145 (2001).

6 C. Virojanadara and L. |, Johansson, Surf. $6b, 358 (2002).

7 J. L. Cantin, H. J. von Bardeleben, Y. Shishkin, Y. Ke, R. Pvdg and W. J. Choyke, Phys. Rev. L&2, 015502 (2004).

8 J. L. Cantin, H. J. von Bardeleben, Y. Ke, R. P. Devaty, and.\@hbyke, Appl. Phys. Let88, 092108 (2006).

® S. Dhar, L. C. Feldman, S. Wang, T. Isaacs-Smith, and J. Riawits, J. Appl. Phys98, 014902 (2005); S. Dhar, S. Wang, A. C. Ahyi, T.
Isaacs-Smith, S. T. Pantelides, J. R. Williams, and L.Cdfsah, Mater. Sci. Forurs27-529, 949 (2006).

105, T. Pantelides, S. Wang, A. Francesschetti, R. Buczko, M/eDtra, S. N. Rashkeev, L. Tsetseris, M. H. Evans, |. G. BatyL. C.
Feldman, S. Dhar, K. McDonald, R. A. Weller, R. D. Scrimpf, . Fleetwood, X. J. Zhou, J. R. Williams, C. C. Tin, G. Y. Chyfig
Isaacs-Smith, S. R. Wang, S. J. Pennycook, G. Duscher, KBgathem, and L. M. Porter, Mater. Sci. For&2i7-529, 935 (2006).

11 p. Deak, J. M. Knaup, T. Hornos, C. Thill, A. Gali, and T. Feabeim, J. Phys. D: Appl. Phy40, 6242 (2007).

2.3 M. Knaup, P. Deak, Th. Frauenheim, A. Gali, Z. Hajnal, wd. Choyke, Phys. Rev. BlL, 235321 (2005).

13 3. M. Knaup, P. Deak, Th. Frauenheim, A. Gali, Z. Hajnal, #d. Choyke, Phys. Rev. R, 115323 (2005).

14 5. Wang, S. Dhar, S. R. Wang, A. C. Ahyi, A. Franceschetti, 3WRiams, L. C. Feldman, and S. T. Pantelides, Phys. Reit. B8, 026101
(2007).

15 F. Devynck, F. Giustino, P. Brogvist, and A. Pasquarellgjf?Rev. B76, 075351 (2007).

16 3. P. Perdew, M. Ernzerhof, and K. Burke, J. Chem. Phy5, 9982 (1996).

17 3. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. [78tt3865 (1996).

18 N. Troullier and J. L. Martins, Phys. Rev.48, 1993 (1991).

19 A, Alkauskas, P. Brogvist, F. Devynck, and A. PasquarellpsPRev. Lett101, 106802 (2008).

20 p Broqyist, A. Alkauskas, and A. Pasquarello, Phys. Re80,8085114 (2009); Phys. Rev. &, 039903(E) (2010).

21 CPMD v3.11.1, Copyright IBM Corp 1990-2006, Copyright MBI fFestkorperforschung Stuttgart 1997-2001; J. Hutber A. Curioni,
ChemPhysCher6, 1788 (2005).

22 Yoon Soo Park, ir8iC Materials and Device®dited by R. K. Willardson and E. R. Weber (Academic Pre§A|1998).

2 p, Brogvist and A. Pasquarello, Microelectron. E84.2022 (2007).

24 P, Deak, B. Aradi, T. Frauenheim, E. Janzén, and A. GalisPRev. B81 153203 (2010).

% C. G. Van de Walle and J. Neugebauer, J. Appl. PB§s3851 (2004).

26 G, Makov and M. C. Payne, Phys. Rev5B, 4014 (1995).

2T To assess the convergence of the defect levels with the firiieness of the SiC slab, calculations at the PBE level warged out with
the thickness of SiC doubled. The positions of the defeal$eglid not shift by more than 0.1 eV.



