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We report first-principles calculations in terms of which we describe the atomic-scale mechanisms
of the nucleation and growth of SIO, precipitates in cubic SIC. A three-oxygen cluster is found to
be analogous to the well-known “thermal donor” in Si. Emission of a CO molecule converts it into
an SiO,-like precipitate that can grow further. We propose that similar processes can account for the
observed CO emission during SiC oxidation and the trapping of C atoms at the SIC-SIO, interface.

PACS numbers. 66.30.Jt, 71.55.—i, 81.65.Mq

Silicon has been the semiconductor of choice for mi-
croelectronics in part because of the excellent proper-
ties of its native oxide (SIO;) (insulating gate) and the
Si-SiO, interface (low density of interface defects) that
enable the fabrication of high-performance metal-oxide-
semiconductor field-effect transistors (MOSFETS). In
contrast, compound semiconductors, despite a host of de-
sirable properties, do not have satisfactory native oxides.
Silicon, however, fals short for applications that entail
high temperatures and/or high voltages, as, for example,
in switches for electrical power networks or engine sen-
sors and controls. For such applications, a material with
much larger energy gap is desirable to reduce intrinsic
electron-hole generation. Many wide-gap semiconductors
have al the right properties, but the lack of suitable native
oxides or other dielectrics with good interface properties
has so far frustrated the search.

Silicon carbide appears most promising, especialy be-
cause its native oxide is none other than SiO,. The
SIC-SIO, interface, however, does not have the desirable
properties that characterize the Si-SIO, interface [1,2]. In
particular, the electron mobility in SiC adjacent to theinter-
faceisroughly 2 orders of magnitude smaller than its bulk
value [1,3-5]. The corresponding mobility reduction in
Siisonly afactor of 2. The reduction in mobility near the
SiIC-SIO, interface is clearly due to increased scattering,
arising from a higher level of roughness and a higher den-
sity of interface defects, the origin and nature of which re-
main elusive. Understanding the atomistic origins of these
effects offers the promise of controlling them in order to
achieve satisfactory mobilities for SiC-based MOSFETSs.

Oxygen in S has been studied extensively both
experimentally and theoreticaly [6-8]. It is present
in Czochralski-grown material in large concentrations
(10" ecm™!) and is generally benign. In contrast to Si,
very little is known about O in SIC. Apparently it is not
incorporated in large quantities during growth. There
is no experimenta evidence regarding O as an isolated
impurity, as clusters or precipitates. There is aso very
limited information regarding possible interface defects.
There is indirect evidence that during thermal oxidation
of SIC excess carbon in the form of clusters or graphitic
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carbon precipitates remain at or near the interface [9].
The elimination of carbon complexes during thermal
oxidation thus seems to be one of the limiting factors for
obtaining good SIC-SIO, interfaces.

In this Letter, we report a set of first-principles calcula-
tions that explore the nucleation and growth of O precipi-
tates in cubic SiC and then relate these results to thin-film
oxidation of SIC. In particular, we study the behavior of a
single O atom and subsequent clustering of O atoms. We
find that, as in Si, eectricaly active O complexes form
(thermal donors), but they are not very stable.

Instead, we find that O atoms can bind to the central C
of the thermal-donor-like complex and then diffuse away
asa CO molecule, leaving behind a perfectly bonded SiO,
precipitate. The diffusion of CO molecules is a particu-
larly interesting synergistic process with relatively small
activation energy. CO molecules can, in fact, break up
and release C in SIC. Even though the formation energy
of Cinterstitialsis very large (8—10 eV depending on the
growth conditions [10]), the process of O precipitation re-
leases C interstitials at very low energy cost (=1.5 eV).
On the basis of the above results and additional calcula
tions of CO in SiO,, we propose a mechanism for the ob-
served emission of CO during SiC oxidation and for the
trapping of C atoms at the SIC-SiO, interface.

We performed calculations using the density functional
theory and the local density approximation for exchange
and correlation in the form given by Ceperley and Alder
[11]. We used the ultrasoft pseudopotentials of Vanderbilt
[12] for Si, C, and O. With these pseudopotentials we
found a SiC lattice constant of 4.29 A to be compared
with the experimental value of 4.36 A. We employed
a plane wave basis set, an energy cutoff of 25 Ry, and
supercells of 32 atoms. All structures were fully relaxed
until the force on each atom was less than 0.25 eV/A.
All calculations were done with one specia k point at
(0.5,0.5,0.5) in the irreducible Brillouin zone [13]. Tests
with a (333) Monkhorst-Pack grid [14] and supercells of
64 atoms indicate a numerical precision on the formation
energies of about 0.2 eV.

Single O atom.—We start by describing the properties
of one oxygen atom in cubic SIC for which there is
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some prior work [15]. In agreement with that work,
we find that an oxygen molecule is not stable in SIC
because of the relatively small interstitial volume. Two
distinct configurations for asingle interstitial oxygen atom
have essentially the same energy (within numerical error).
One is shown in Fig. 1. It is similar to the bridge
configuration in Si, but the bridge is now asymmetric: the
Si-O distance is 1.59 A whereas the C-O distance is only
1.42 A. We note that the first Si-O distance is similar
to the corresponding distance in bulk Si [7] while the
second Si is nearer to the O in SIC than in bulk S, thus
giving a slight threefold coordination to the oxygen in this
configuration. The second configuration consists of one
O atom sandwiched between a Si atom and two carbons
on the (110) plane (see Fig. 2). The energy necessary
to bring the oxygen atom from one configuration to the
other through the Si-C bond is about 0.5 eV. This energy
derives essentially from the strain energy needed to stretch
the Si-C distance by about 1 A. We found higher energy
configurations when the O atom displaces outside the
(110) plane asis the case in bulk Si [7].

Diffusion of single O atoms.—The activation energy
for an oxygen atom to migrate on the (110) plane from
its most stable configuration between two Si atoms and
one C to the equivalent position through the symmetry
axis in the [001] direction (see Fig. 1) is only 0.7 eV,
to be compared to the corresponding activation energy
of about 2.5 eV in bulk Si [7]. When the oxygen atom
moves through the symmetry axis defined by two C atoms
and one Si atom the activation energy is 2.5 €V, i.e,
comparable to the activation energy of O in bulk Si. The
difference between the two above figures can be traced to
the nearly threefold coordination of O in the configuration
of Fig. 1 compared to the configuration of Fig. 2: the O
atom pivoting in the (110) plane around a C (see Fig. 1)
is always dightly bonded to one of the two Si atoms [16].

The two migration energies quoted above require a net
activation energy for long-range diffusion of 2.5 eV. The
O atom can, however, migrate with a lower activation
energy from one (110) plane to another (110) plane. This
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FIG. 1. Equilibrium configuration of an oxygen atom in cubic
SiC between two Si atoms and one carbon atom. The atoms
are al located in the (110) plane. The arrow indicates
schematically the oxygen path during diffusion through the
symmetry axis defined by two Si atoms and one C atom.

is done by passing from the configuration between two
Si atoms and one C (Fig. 1) to the configuration between
two C atoms and one Si (Fig. 2) pivoting around a Si
atom by paying only 1.7 eV [17]. As in the previous
case, the reason for this low activation energy is that the
O aong the migration path is aways bound to at least two
Si atoms. The single oxygen is, thus, very mobile in the
SiC matrix only when it diffuses between one Si atom and
two C atoms through different but adjacent (110) planes.

Oxygen clustering.—Two oxygen atoms bind in the
(110) plane, with one of them surrounded by two Si
atoms and one surrounded by two carbons (see Fig. 3).
The binding energy is about 0.3 eV per oxygen atom. A
lower binding of about 0.1 eV per oxygen atom has been
found when both oxygen atoms are surrounded by two
Si atoms, respectively. Adding a third O atom leads to
the formation of a metastable complex reminiscent of the
thermal donor in Si [6,7] formed by three oxygen atoms
as depicted in Fig. 4. The three oxygens bind by about
0.5 eV and the defect induces a donor state in its
symmetric configuration [8].

Ejection of C as CO.—The thermal-donor-like defect
transforms to the stable defect of Fig. 5 through emission
of one oxygen and the carbon atom in the middle (see
Fig. 4). The remaining two oxygen atoms reside in the
C split interstitial site in the [001] direction as shown in
Fig. 5. The distance between the two oxygens is 2.06 A
and the structure is éectricaly inactive. The global
process responsible for the emission of CO is exothermic
with areaction energy of about 0.7 eV. The extra energy
(with respect to the therma donor energy) AE released
during the process has been calculated as

AE = Exoc + Eco — 2Epulk «y
where E)o.c is the tota energy of the bulk SiIC with two
oxygens, one replacing a carbon (Fig. 5), Eco is the tota
energy of the equilibrium configuration of a CO molecule
in bulk SIC, and Ey, i is the total energy of the SiC bulk.
All total energies have been calculated with supercells
with the same number of Si atoms [18].
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FIG. 2. Equilibrium configuration of an oxygen atom between
two C atoms and one Si atom. The atoms are all located in the
(110) plane. The arrow indicates schematically the oxygen path
during diffusion through the symmetry axis defined by two C
atoms and one Si atom. This configuration is comparable in
energy (within the numerical error) to the one represented in
Fig. 1.
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FIG. 3. Equilibrium configuration of two oxygen atoms in
cubic SIC. All atoms are located in the (110) plane.

Theequivalent emission of aSi atom and its replacement
with two oxygen atoms has been found to be disfavored by
about 8 eV per oxygen atom. The calculation proceeds
in the same way as in EqQ. (1) with the total energy
Eco replaced by the energy of the equilibrium Si split
interstitial. The latter has been found to be oriented in
the[001] direction as the corresponding C split interstitial.

Once formed, the CO molecule diffuses along the [110]
tubular directions with the oxygen atom always moving
between one Si and two C atoms in different but adjacent
sites and the carbon atom “wagging” behind as a C inter-
dtitial. The barrier for the diffusion of the CO molecule
has been estimated to be about 1.6 + 0.3 eV [17].

Growth of amorphous §i0,.—Once the small precipi-
tate described above forms, continuation of the same
process would generate a defect-free amorphous SiO,
precipitate: a carbon atom in the (110) plane nearest
neighbor of the emitted one would follow a similar path
with the two oxygens replacing it in its split interstitial
site oriented perpendicular to the [001] direction. No
volumetric strain is present in this case compared to Si
oxidation: the density of Si atoms in SiC is the same as
that of SIO,, whereas in Si it is about double.
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FIG. 4. Stable O; complex reminiscent of the thermal donor
in Si. The central C atom bridges two Si atoms in the
orthogonal plane.
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Thin-film oxidation.— Direct calculations of the atomic-
scale processes that occur at an advancing SiC-SiO, inter-
face during thermal oxidation are not currently feasible.
However, the above results are very useful to provide in-
sight into those processes. Once a SiC-SiO, interface has
formed, the interface advances by the arrival of new O
atoms (typically made available by the diffusion of oxygen
in SiO, [19]). Each such O atom is inserted in the next
available Si-C bond at the interface. The process depicted
in Figs. 4 and 5 isthen alikely mechanism for the removal
of C atomsin theform of CO. We computed the properties
of COin SO, (a quartz) [20] and found binding energies
exceeding 4 eV at severa sites. The larger binding en-
ergy (compared with CO in SIC) is due to the more open
interstitial sites available in SIO,. The existence of sev-
eral sites with comparable CO binding energies suggests a
low migration energy. Thus, CO molecules gjected at the
advancing SIC-SIO, interface during oxidation are more
likely to diffuse into the SiO, and be released from the
surface, asis indeed observed [1].

At a given temperature, however, a fraction of CO
molecules can break either in the SIC bulk or a the
advancing interface: the activation barrier for diffusion
of CO in bulk SIC is comparable to the binding energy
of the molecule. When a CO molecule breaks up at the
interface, the oxygen binds asin Fig. 1 and contributes to
further oxidation whereas the C bonds as a threefold split
interstitial (see Fig. 6). Such carbon interstitials can either
form further CO molecules with extra oxygen or nucleate
carbon complexes. Thelatter complexes have been indeed
observed at the interface or in the SIO, layer [9].

We conclude by examining the impact that the above
insights into the oxidation process may have on the quest
for a better SIC-SiO, interface. As we saw, one of the
problems is the retention of C interstitials that result from
the breakup of CO molecules in SIC or at the interface.
Such C interdtitials or C interstitial complexes can form
in SIC or at the interface and may also be buried in
the oxide as the interface advances. It would, therefore,
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FIG. 2. The stable O, complex that is left behind after a
CO molecule is emitted. The oxygens bridge two Si atoms
in orthogonal planes.
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FIG. 6. Equilibrium configuration of an oxygen atom between
two Si atoms and one C atom as in Fig. 1 and a nearby C split
interstitial.

be desirable to have a mechanism to remove these C
atoms. It has been demonstrated experimentally that pre-
oxidation ultraviolet-ozone cleaning [9] or post-oxidation
annealing [21] enhances the quality of the interface. It is
very likely that newly supplied oxygen can combine with
precipitated C atoms and diffuse out through the oxide,
thus cleaning up both the interface and the oxide. We
therefore propose that ozone and ultraviolet light during
oxidation may provide the extra supply of O needed to
suppress C precipitation. The C interstitials or small C
precipitates in SIC, however, are likely to remain and af-
fect carrier mobility in the MOSFET channels.
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