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Isolated oxygen defects in 8- and 4H-SIC: A theoretical study
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Ab initio calculations in the local-density approximation have been carried out in SiC to determine the
possible configurations of the isolated oxygen impurity. Equilibrium geometry and occupation levels were
calculated. Substitutional oxygen irC3SiC is a relatively shallow effective mass like double donor on the
carbon site (@) and a hyperdeep double donor on the Si sitg)\.Qn 4H-SiC Q. is still a double donor but
with a more localized electron state. IC3SIiC O is substantially more stable under any condition thgno®
interstitial oxygen (@. In 4H-SiC O is also the most stable one except for heautype doping. We propose
that & is at the core of the electrically active oxygen-related defect family found by deep level transient
spectroscopy in H-SiC. The consequences of the site preference of oxygen on the SjOfféiface are
discussed.
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. INTRODUCTION E,+(2.99-3.03) eV andE,+(2.84-2.88) eV in #-SiC.
The values of the ionization energies were dependent on the

There has been considerable interest in recent years implanted oxygen dose and on the annealing temperature.
silicon carbide(SiC) as a wide band-gap semiconductor ma-These facts imply that these oxygen-related donor centers
terial for high-temperature, high-frequency, and high powemay originate from defect aggregates which contain oxygen
applications. Because of recent advances in crystal growth #toms in the core region. Three deep acceptorlike oxygen-
is now possible to produce both epitaxial and bulk SiC ma+elated centers with levels in the range betweer 2.4 and
terial of high quality. An important switching device is the E,+2.6 eV have been found both inH6 and 4H-SiC
metal-oxide-semiconductor field-effect transistor. Duringsamples implanted with oxygér.It was speculated that the
oxidation or other processing steps oxygen impurities mayrigin of these levels might be oxygen at the silicon site in
enter the SiC crystal. Even though the oxygen solubility inanalogy to theA center in silicon. The same donor and ac-
SiC is low;' the understanding of its behavior is important ceptor levels have also been found in CVD epitaxial layers
from the viewpoint of incorporation during oxidation. It is grown in an environment containing G@as® The concen-
well known that in other semiconductors oxygen can formtration of the acceptor defects were, however, three orders-
electrically active defects, like th& centef and the thermal  of-magnitude lower than in the implanted samples. Aboelfo-
double donors in silicoA.Therefore, the behavior of oxygen toh and Doy|é found a donorlike level aE,+2.13 eV in
in bulk SiC is also of interest. 6H-SiC with DLTS, assigning it to an oxygerncarbon va-

SiC has many polytypes with a common two-dimensionalcancy complex. This assignment was based on the observa-
(hexagonal unit cell but different stacking sequences of thetion that after heat treatment the concentration of this DLTS
tetrahedrally bonded Si/C bilayers in the third dimension.center has increased simultaneously with the decrease of an-
The most important polytypes are the hexagonHl dnd  other which was believed to be due to the isolated carbon
6H-SIiC and the zinc-blend@ubic 3C-SiC. The band gaps vacancy. Since the new level has shown no correlation with
are is 3.3, 3.0, and 2.4 eV, and the numbers of basis atoms Hydrogen introduced intentionally into the sample, Aboelfo-
the primitive cell are 8, 12, and 2, respectively. According totoh and Doyle proposed oxygen as another feasible impurity
the local environment up to third neighbors, a so-called quatrapped by the carbon vacancy to be responsible for the new
sicubic (k) site and a quasihexagon@) site can be distin- donorlike level. However, no correlation with oxygen has
guished in 4-SiC. 6H-SIiC has two different quasicubic been shown. Oxygen could suppress the formation of
sites:ky, k. This paper aims to investigate oxygen i€3  vacancy-type defects after'Gmplantation into é1-SiC as
and 4H-SiC. Due to the common first- and second-neighborshown by monoenergetic positron beam measureniéftis.
bonding environments in the three polytypes, defects withtrapping of oxygen in vacancies was proposed during this
strongly localized states may have very similar propertiesprocess producing higher quality of SiC but neither the struc-
Experimental data on oxygen irt# and 6H-SiC show little  ture of these oxygen-related defects nor their electronic prop-
difference*® erties were reported.

Only limited information is available about oxygen in  The only theoretical studies we are aware of in SiC con-
bulk SiC. Daliboret al. implanted O into chemical vapor sidered oxygen solely as an interstitial in the neutral charged
deposited(CVD) n- and p-type 4H and 6H-SiC epitaxial ~ state, using molecular cluster and supercell mod#Di-
layers*®> Deep level transient spectroscodLTS) has Ventra and Pantelides found that oxygen clustering in the
shown that two groups of shallow donorlike oxygen-related(110 plane in 3-SiC could be energetically feasible in a
centers had been created with ionization energie€€at manner very similar to the possible core of the thermal
+(2.85-2.87) eV ancE,+(2.80-2.82) eV in 61, and at double donors in silico In an earlier work we calculated
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TABLE I. The calculated total energy of the oxygen molecule as TABLE Il. Comparison of the experimental and the calculated

a function of cutoff of the plane-wave expansion. occupation levels of interstitial hydrogen and phosphorus next to a
vacancy in silicon without and with correctiofsee text The val-
Kinetic-energy cutoff(Ry) Total energy(eV) ues refer to the valence-band maximum in eV.
30 —845.285 Defect No correction Corrected Experiment
36 —853.361
48 —860.552 H; (+/0) 0.46 1.00 0.9%
64 —862.266 P-V (0/-) 0.23 0.58 0.63
?80 :222232 aSee Ref. 21.
' PSee Ref. 22.

in total energy between thex2x2 and 3<3X3 sets. In
interstitial and substitutional oxygen in the neutral state in ghe case of defects with occupied states in the gap the error
molecular cluster model of G-SiC* but neither relative due to defect band dispersion is corrected for, as described in
stabilities nor occupancy levels were given. Ref. 19. Using the total energy of the perfect and defective
The present paper investigates the isolated oxygen defecssipercells, the formation energy an_d relative stabilities. of the
in 3C- and 4H-SiC, especially the electrically active ones. defects can be calculated. Comparing the energy of different
We will show that the formation of @is the most likely ~charge states yields the Fermi-level position, where the

among the isolated oxygen defects and it may be responsib!arge state of the defect changes., the occupation lev-
for the donor centers found inH+SIC. The paper is orga- ©'9- A major problem is that the width of the band gap is

. . : - Iways severely underestimated in density-functional theory.
nized as follows: the calculational methods will be presenteﬁhat)i/nﬂuencesythe energy of the electrong on gap levels an>:1
in section I, while the results for G- and 44-SiC will ’

be given in S I and IV r tivel nd di hereby, the total energy as well. Anposterioricorrection
ineSgeceV ecs. a » Tespectively, a SCUSSeGy a5 applied to make up for this LDA “gap error” as ex-

plained in Ref. 19. Another source of inaccuracy in the rela-
tive stabilities arises because of the limitations of our plane-
wave supercell code to spin-unpolarized calculations and
because of the lack of a charge correcti®fiThe energies of
Ab initio calculations based on density-functional theoryiso_lated atoms in vacuum were, however, determined with
in the local-density approximatidh (LDA) with the ex-  Spin polarization. Since very few deep level defects have as
change correlation of Ceperley and Altfewere carried out  Yet been identified in SiC, in order to verify our method we
in a supercel(SC) model, with a plane-wave basis using the Nave calculated the well-known and experimentally mea-
FHIg8MD code™ to determine the equilibrium configurations, SUréd occupation levels of two defects in silicon: the/Q)
relative stabilities, and occupancy levels of oxygen defects€ve! of interstitial hydrogen&; DLTS signal of H)“* and
In the SC calculations G-SiC was modeled by a 128-atom- the (0F) level of theE czeznter originating from phosphorus
fce, and 44-SiIC by a 96-atom-hcp unit cell. Norm- N€Xt to a vacancyP-V).”” We have used a 128-atom-fcc
conserving Troullier-Martins pseudopotentidlsvere used. supe_rcell with & 22X 2 k-point set and 32 Ry cutoff which
It has already been showithat in this case a kinetic-energy Provided convergent resuits for these defects. The calculated
cutoff of 30 Ry in the plane-wave expansion is sufficient tooccupatlon levels without and with corrections compared to

describe the properties of perfect SiC. however. the ex'ghe experimental ones can be seen in Table Il. The values
€ prop P ’ o with thea posterioriband-gap and dispersion corrections are
tremely oscillating nature of oxygen valence orbitals make

. ; reasonable agreement-Q.1 eV) with the experimental
careful test of the cutoff necessary. We have investigated g g 0 ) P

both the pseudopotentia_l and the plane—wave basis onthe O Tpe geometries of minimal energy for the oxygen defects
molecule and on crystalline-quartz. First, the energy of the \yere sought by allowing four shells of host atoms around the
oxygen moleculécalculated in a sufficiently large supergell  gefect to relax and reconstruct in the 128-atom SC, until all
was obtained as a function of the cutoff from 30 Ry up Othe forces were below 0.0005 hartree/bohr. The 96-atbim 4
100 Ry. The difference in the total energy for a cutoff of 64 gypercell allows only the relaxation of three shells without
Ry and 80 Ry was less than 0.08 esee Table)l Then we  gistorting the lattice structure. The third-neighbor relaxation
have carried out a geometry optimization ferquartz with a  |owers the total energy of oxygen substitutional at the carbon
64 Ry cutoff. The resulting Si-O distances, the Si-O-Si anglegijie and interstitial oxygen by onlz0.01 eV and<0.1 eV,

and the calculat(.ad.heat of formation agreed with the eXperirespectiver(with respect to second-neighbor relaxaion
mental values within 1%, 1.3%, and 2.3%, respectively. Thernerefore, this restriction does not cause a significant error.
defect calculations in SiC were then carried out using this 64 The stability of various oxygen defects can be compared

Ry cutoff. Summations over the reduced Brillouin zone ofpy gefining a formation energy dsee, e.g., Refs. 23 and 24
the supercell were carried out usingk2x2 and 3x3Xx3

Il. MODEL AND CALCULATIONAL METHOD

Monkhorst-PackMP) schemeg! The 3x 3x 3 set was only Efm(Nsi,Nc,Nos isis e oy ER)

applied for defects with effective-mass-like stat®dlests q

with the G&* defect(dipositive oxygen on the C site, with no = Eqo(NsizNc.No) ~Nsiptsi— Neie = Norot AE,
occupied levels in the gaghowed a difference 6£0.05 eV 1)

125208-2



ISOLATED OXYGEN DEFECTS IN - AND 4H-SiC. .. PHYSICAL REVIEW B 66, 125208 (2002

whereEg, is the total energy of a supercell consistingnaf
silicon, n¢ carbon, anchg oxygen atoms with the defect in
the q charge stateE(, is obtained as the total energy of the
supercell E¢ is the Fermi energy or electron chemical poten-
tial, i.e., the energy of the reservoir from which electrons are
taken: this depends on the doping level and temperature of
the real crystalEr changes from the top of the valence band
(E,) to the bottom of the conduction banB{), i.e., (Er-E,)
varies from 0.0 eV to 2.42 e\Ref. 25 and 3.27 eV(Ref.

26) in 3C-SiC and in H-SiC, respectively. The chemical
potentials of siliconug;, and of carbonu, are connected.

Under stoichiometric conditiongusi=u2™—2AHFC and

N . f
we=u2™+ LAHFC, whereAH{C is the formation enthalpy

of SiC (for details, see Ref. 19

The determination ofug requires more consideration.
Oxygen-related DLTS signals were found in samples which
were implanted with oxygér® or were CVD grown in a
CO,-containing environmert.Only the latter can be re-
garded as a quasiequilibrium process but it is very difficult to
estimateug in a mixture of silane, propane, and €Qn-
stead, we will consider equilibrium with molecular and
atomic oxygen at different pressures and temperatures. The FIG. 1. The calculated total electron-density map of i® the

value of uo will then be calculated as described in Ref. 19 (110 plane of &-SiC.
for hydrogen.

configuration. A calculation with 30 Ry cutoff in the plane-

Il RESULTS IN 3 C-SiC wave expansion gives 1.4 e_V for _thls difference. Therefore,
further increase in the cutoff is unlikely to change the energy
A. Oxygen at the carbon site sequence of these configurations. In thg, €onfiguration

Our calculations indicate thatOs an on-center defect the electrons of the two lone pairs of oxygen are repelled by

with T, symmetry. The Si-O distance is 2.00 A and thethe electrons of the dangling bonds of the other two Si atoms
d . = . . _ . .

second-neighbor bonds shorten to 1.83 A from the origina@ﬁ%?&dr tir:]e ;?éa?ﬁgt:eig'rsstil;%gw&zﬁ'si;angﬁgr a:icg?luch

1.88 A . This configuration is similar to that of sulphur in unfavorable® 9 y

silicon. Although oxygen is smaller than sulphur, so is the - o

interatomic distance of SiC with respect to that of Si. The In the smglg positive charge state no metastable state was

Si-O distances are very long compared to normal si-gjound. so this is an on-center defect with ymmetry. The

bonds, indicating a stronger than usual ionic nature of thés"O distance is slightly shortéf.99 A) than in the neutral

bonds, which can be the consequence of the fourfold coordi-

nation and the fact that the SiC crystal is partially ionic in the P t’;
first place. This is corroborated by the electron-density map "—.“. a*
shown in Fig. 1. As can be seen, there is still some covalent CBM—#\_H_‘:‘ 1
component in the Si-O bonds. Analyzing the electronic struc- £ —f—-1; ‘-

ture in terms of a defect-molecule model, the quasiatasnic
and p states formed by the dangling bonds around the va-
cancy (containing four electronsinteract with thes and p
orbitals of the oxygen atorttontaining six electronsas can

be seen in Fig. 2. The resultimy andt, bonding orbitals .
accommodate eight electrons. The localized antiboneihg "-T-H-H-'
one-electron level is located 0.6 eV above the conduction- : :

band edge, therefore an effective-mass-l{EMT) orbital + §
gets occupied instead. Thereforeg @ a double effective- " :
mass-like donor in @-SiC, like sulfur in silicon. The one- Ve

electron level of the defect is &.—0.2 eV. One would ' i
expect that oxygen should reconstruct intg, Gymmetry by - a,
moving off-center in the(001) direction like it does in 0O
silicon?” We have found a metastable state where the oxygen
bonds to two silicon atom@he bond length and the angle of  FIG. 2. The schematic bonding diagram between the carbon

the bridge are 1.75 A and 138°, respectiVelyut this struc-  vacancy, i.e., Si dangling bonds, and the oxygen atom forming the
ture is about 1.2 eV higher in total energy than the on-centeQ. defect in 3-SiC.
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FIG. 3. The spin density in the vicinity of Q(in the middle of
the figure projected onto th€110 plane of 3-SiC. FIG. 4. The optimized geometry of;@ 3C-SiC. (The unla-
beled atoms are Si atoms.

state. In the case of ), the Si-O distance is further short-

ened(1.98 A) but the geometry is essentially the same as for The silicon site for oxygen turns out to be so high in

the neutral and the single positive defect. energy that it is worth investigating whether the oxygen and
The occupation levels of the Odouble donor are at its first-neighbor C atom would change their positions to

E(2+/+)=E,+2.13 eV and atE(+/0)=E,+2.09 eV. create an @+ Cg complex. It is known that the ¥ itself is

This would correspond to negatiwé-behavior but we note & metastabldor bistable defect with \t+Cs; in SiC?%1°

that the lack of spin polarization underestimates the stabilityfhe Q-+ Cs; complex has g, symmetry. The calculated to-

of the singly positive charge state by at least 0.1 eV. Theretal energy of this defect is, indeed, 4.0 eV lower than that of

fore, we expect normal, positivd-behavior for this defect. Osj. Oc+ Cg; is a double donor where the donor level is at

From the distribution of the absolute square of the waveE,+2.3 eV. The donor state is localized in the vicinity of

function (see Fig. 3it seems that the spin localization on the oxygen in this case.

oxygen atom in @ should be sufficient to be detectable by

electron paramagnetic resonance. The shape of the distribu-

tion on oxygen is spherical, therefore, the Fermi-contact term C. Interstitial oxygen
of the hyperfine interaction must be much bigger than that of Interstitial oxygen has already been investigated by sev-
the dipole-dipole term. eral theoretical groups.'! The geometry obtained in the

present calculation is practically the same as the result of

earlier calculationgsee Fig. 4. The structure has & sym-

metry. The complicated bonds between oxygen, carbon, and
We have also found two metastable configurations fotthe two silicon atoms provide two fully occupied levels in

oxygen at the silicon site (§) in the neutral state. The more the band gap very close to the valence-band tejihin

stable one has £; symmetry; the oxygen moves out of the 0.1 eV).

center by 0.37 A in th€001) direction, forming a bridge

with two carbon atoms. The C-O-C angle is 123° and the

C-O bond length is 1.62 A . The other two carbon atomsD. Relative stabilities of the isolated oxygen defects inG-SiC

relax outward, such as in the case of the Si vacancy) (b The formation energy of the different isolated oxygen de-
SIC2™ The on-center configuration withyTsymmetry i tects as a function of the chemical potential of oxygen under
only 0.14 eV higher in energy than the off-center configura-giqichiometrical conditions can be seen in Table IiI. The for-
tion. The C-O distances in the on-center configuration are, iiqn of Q. is the most feasible energetically, while that of

equal to 1.92 A and there is very little bonding between Oo, seems quite unlikely in equilibrium. The relation of the

and the four C neighbors. The reason is that the carbon angh, centrations of the isolated electrically active oxygen de-
oxygen have higher electronegativity than silicon, SO the Caltacts should be Oc]>[Oc+Cq]>[Og]. The differences
bon atoms around the oxygen and the O atom itself havgay yeen the formation energies are so big that this relation
negative net charges, thereby repelling each other. The '®an be predicted for all the polytypes of SiC

construction to g, symmetry lowers the energy but the en- '

ergy gained by forming the C-O bonds is mostly compen- . .

Sated by the unfavorable Closeness Of the Other two Carbon TABLE Ill. Formation energies of neutral oxygen defects under
atoms repelled by the oxygen lone pairs. In both Conﬁgurastoichiometric conditions in @-SiC as a function of chemical po-
tions there is a double occupied level in the gafEgr1.0  tential of oxygen in eV.

and at+1.1 eV for G, and Ty, respectively. Therefore,

B. Oxygen at the silicon site

is a hyperdeep double dongr rather a double hole tragn Complex Er

case of the positively chargeds@ the on-center site is al- Oc —432.5u0
ready the most stable configuration with a C-O distance of o} —431.37u0
1.89 A. In the case of & the C-O distance is shortened Oc+Cg —428.910
further to 1.85 A. The (2 /+) and (+/0) occupation levels O —424.9u0

are atE,+ 0.6 and 0.8 eV.
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FIG. 5. Formation energies of the various charge states-Git@hek site as a function of the position of the Fermi level in bulk grown
4H-SiC with respect to Q

If oxygen is implanted, also vacancies are created. Aftegt E,+ 3.2 eV (for the k site). O is thus a double donor in
annealing, interstitial oxygen can be trapped in them. TheiH-SiC but not an effective-mass-like one as i€-BiC.
binding energies between the vacancies and oxygen are the possible charge states fog @ 4H-SiC are the (2),

following: (+), and (0). Thesymmetry of G" is Cy, while that of Q¢
Cogev is similar to C@ (Ctp). In the paramagnetic (4) state the
Vg+0 — Og, 2) spin density is partly localized on oxygen. The spherical dis-

tribution indicates a considerable Fermi-contact hyperfine in-
65 ev teraction with the hyperfine active oxygen nucleus similar to
VetrO — O &) the case of -SiC. The spin density is, however, mainly
C i C» . . i,
localized on thep orbitals of silicon atoms around the oxy-
i.e., Q prefers the C vacancy against the Si vacancy bygen. The (2-/+) and (+/0) occupation levels at thie site
3.6 eV. are ate,+3.1 eV andE,+ 3.2 eV.
The difference between theandh sites were examined
IV. RESULTS IN 4 H-SiC for O2" . The total energy was lower at thesite by 0.11 eV
and the Si-O bond lengths were about the same.
Since substitutional oxygen on the C site appears to be As a consequence, the formation of the electrically inac-
electrically active, it is interesting to investigate it i4SiC  tive O, is now more feasible in heavilg-type 4H-SiC than
as well. Earlier calculations have shoftrihat for defects that of Q- (see Fig. 5. If oxygen enters SiC by means of
with localized electron states neither the position of the ocimplantation, after the heat treatment interstitial oxygen and
cupation levelgwith respect to the valence-band efig@er  the vacancies can diffuse and according to Egsand (3)
the formation energy differ much between polytypes. Con-0, can be captured by vacancies. Equati8h modifies to
sidering this and regarding the high formation energy of oxy-gahout—4.7 eV in 4H-SiC.
gen on the Si site in G-SiC, we dropped that defect from 7o estimate the amount of oxygen incorporation into
further investigations in K-SiC. On the other hand, a Sig- 4H-SiC, we have considered two cases: oxygen as a con-
nificant difference can be expected in the case gfsice  taminant in bulk growth assuming a partial pressure of
thea} level of & in 3C-SiC is atE,+ 3.0 eV which would  10~° atm atomic oxygen at 2400 °C, and 0.1 atm molecular
fall into the band gap of H-SiC, therefore this level can be oxygen at 1500 °C, in order to give an estimate for the CVD
occupied instead of an EMT state. We have, therefore, caksamples grown in the presence of £@The CVD growth
culated Q in 4H-SiC at thek andh sites. For comparison, was performed with a pressure of 1 atm, mixing Q0 the
we calculated also (at thek site. gas flow ofH,, SiH,, and GHg. Assuming a partial pres-
The formation energy of Dis 1.8 eV higher in #-SiC  sure of 0.1 atm of @in the chamber is a rough estimate, but
than in 3C-SiC because the one-electron donor level occuthe result is relatively insensitive for changes between 0.01
pied by two electrons is situated about 1.0 eV higher inand 0.3 atm). The corresponding values foug are
4H-SiC than in -SiC. Due to the higher formation energy —439.32 and—430.99 eV, respectively. The formation en-
of O?: in 4H-SIC, in the on-center configuration this is a ergy for all the oxygen defects is too high to have a measur-
localizeda] state which makes this configuration unstable.able contamination in bulk grown SiC. In the case of CVD
The oxygen moves off-center. The double occupied level igrowth with CQ, the oxygen concentration of the samples
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TABLE IV. The concentration of @in 4H-SiC as a function of (4 /0) occupation levels &,+3.1 eV and at+3.2 eV, re-

dopant concentration assuming that the source of oxygen isthe Q . .
g sonably well with the data
gas at the temperature of 1500 °C and at pressure of 0.1 atm. Thsgectlvely These values agree rea y

n-type dopant is nitrogen and tipetype dopant is aluminuniNp is measured by DL_TS.at 2.99-3.03 8\./ !rh-I4S|C. The series
the concentration of nitrogen whild, is the concentration of alu- of DLTS peaks is likely to have originated from a defect

minum. aggregate which contains oxygen. Based (Dnthe agree-
ment between the measured and calculated occupation lev-
Dopant concentration (cn) Concentration of @ (cm™?) els, (ii) the fact that the observed DLTS centers were abun-
dantbothin ion implanted SiC and in the samples grown in
N,=10'° 4.7x10'®

CO,, and(iii ) the fact that the calculated formation energy is

N, = 10%° 8.3x10"7 lowest amon i i i

17 ; g the isolated electrically active defects, we are
Na = 1016 2.4X 1017 strongly inclined to suggestCas the core of the donorlike,
Na = 1015 24X 1017 oxygen-related DLTS centers observed in Refs. 4—6. The
Na =10 2.3¢10' CVD samples grown in C9had a nitrogen concentration of
N = 1017 5 o 1017 2-4x10" cm™® and the oxygen donor concentration was
o 1018 > 2 1016 estimated to be<5x 10" cm 3.° Our calculated oxygen
NE _ 10 3.5>< 105 concentrations satisfy this conditiofincreasing the @par-

tial pressure to 0.3 atm still gives only 4@0%-cm3 Oc.)
The p-type samples implanted by oxygen showed full com-

will, however, not be negligible. Using the formation ener- Pensation of the doping” This is in agreement with our
gies the concentration of the defects;( can be determined calculated relation of the concentrations of &nd the accep-
b tors.
d The very high formation energypbtained in -SiC) in-
Ni=N?e‘ E?(irm/kBT, (4 dicate that the concentration ofsGshould be under the de-
tection limit, whereas the acceptorlike DLTS levels appear in
whereN? is the concentration of sites in the perfect lattice cyp grown sample&.This implies that @ is not the origin
formation energy of @in its charged states is dependent onp| Ts in Refs. 4—6.(The electronic structure obtained in
the position of the Fermi level which depends on the tem3-_sic for Qs also does not support such a mogdlore

perature and the concentration of free carrighse to l_)pth complex defects should be involved in that case than the
the dopants and the oxygen defects themsglid® position isolated oxygen defects.

of the Fermi level(and the corresponding defect concentra- Our result about the dominance of @ver Q (except for

tion), therefore, should be calculated self-consistently usin eavyn-type doping may have serious implications on the

the neutrality condition. Details of the method can be found ~.""°. . : . . .
in Ref. 19. The values for the effective mass of electrons am?mdatlon behavior of SiC, provided this relation between the

holes in 2H-SiC have been taken from Refs. 30 and 31 ormation energies is sustained at the SiC/SiQerface as
The concentration of @as a function of dopant concen- well (where the relaxational freedom is higheConsider the

tration can be seen in Table IV. The concentration of thec@se of silicon first. Oxygen prefers the interstitial position in
electronically inactive @does not depend on the position of Silicon, forming a Si-O-Si bridge which is also the building
the Fermi level but it is several orders-of-magnitude lowerPlock of SiG,. When new oxygen arrives at the Si/$iO
than that of @ except for highlyn-doped samples with a net interface, the Si@network simply extends deeper into the Si
donor concentration above ¥axm™2. Table IV predicts an Phase. The interface is, therefore, always abrupt chemically,
oxygen concentration of #6-10'" at 1500°C assuming and the oxidation rate is only limited by the oxygen diffu-
0.1 atm Q in the reactor chamber, except for heavy doping.sion. In contrast, our calculations indicate that oxygen in SiC
The Q- donor concentration is sufficient to compensateprefers the carbon site. Therefore, when oxygen atoms arrive
p-type doping. at the SiC/SiQ interface, they substitute carbon atoms form-
ing a thin oxygen contaminated Si-rich interface layer which
V. DISCUSSION has still to undergo a structural reconstruction to form.SiO
The presence of such a layer has indeed been observed by
The calculated formation energies indicate that undek-ray photoelectron spectroscopyPS).3? The net chemical
equilibrium conditions only the concentration og@an be  composition of this layer should be close to that of SiO,
significant, by all means much higher than that gf @ all  which has a gap between 2 and 3 eV. We believe that the
polytypes. @ is easily captured by vacancies. This agreesconduction band tail of this layer appears in the upper part of
with the experimental finding that the concentration of singlethe SiC gap as a near-interface state der3ity.is known
vacancies can be decreased by introducing ox§ggimce  that the density of these interface states can be diminished by
only DLTS measurements in hexagonal polytypes have beea reoxidation annedf: It has been shown that at the same
correlated with the presence of oxygen, we focus the discugime the thickness of the transition layer has also
sion on the electrically active Odefect in 44-SiC. Q- in  decreased? It should be noted that more recent studies
4H-SiC at thek site is a double donor with (2/+) and  claim no change of the states near the band etfy@s.

125208-6



ISOLATED OXYGEN DEFECTS IN - AND 4H-SiC . .. PHYSICAL REVIEW B 66, 125208 (2002

clarify the situation, further calculations for the interface areoxygen in silicon—in SiC oxygen prefers ttiearbor) sub-

in progress. stitutional site. This may be the reason for the transition layer
at the SiC/SiQ interface, observed by XPS and possibly that
VI. SUMMARY of the near-interface traps.
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