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Silicon carbide (SiC) semiconductor device is expected to be used under a severe environment like the nuclear reactor and
the space environment. However, an interfacial defect that originatesin the SiC epitaxial layer defect or the structural change of
the SIO,/SIC interface exists. On the semiconductor device interface, the microscopic electric charge state of the defect decides
amacroscopic electric characteristic. To emulate interfacial structure on the computer the SiO,/SiC interface structure is gener-
ated and the electronic geometry is decided by the first-principle molecular dynamics (MD) simulation with the earth smulator.
The amorphous SIO,/SiC interface structure is made by medium-scale model of about 400 atoms. The hesting temperature is
4000K, the heating time is 3.0ps, the speed of rapid cooling is -1000K/ps, and SIC movable layers in the interface are assumed
to be 4 layers. In temperature 2200K the SiO, terminal was opened to make the SiO, layer more amorphous. The model has
almost abrupt interface, however, some energy levels were still observed in the band gap. The defects energy levels are originat-
ed from interfacial oxygen and the as localized electronic distribution of the dangling bond causes defect energy levels.
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1. Introduction

Silicon carbide (SiC) semiconductor device has a radia-
tion-tolerant property that is difficult to obtain by usual Si or
GaAs semiconductor devices. It is expected to be used under
a severe environment like the nuclear reactor and the space
environment. In addition, insulating layer of SiO, is easily
obtained with thermal oxidization of SIC. There is an advan-
tage that conventional Si processing technology can be used
for the SiC processing unlike other exotic materials.
However, an interfacial defect that originates in the SiC epi-
taxial layer defect or the structural change of the SiO,/SiC
interface exists. The relation among an atomic structure, an
interfacial defect and an electric characteristic is not clear. A
basic research that clarifies atomic structure on SiO,/SiC
interface by difference of oxidation method, investigates ori-
gin of interfacial defect and ties interfacial defect structure
and electric characteristic are indispensable to solve this
problem fundamentally. The purpose of this research is in
the acquisition of the basic data to clarify relation between
physical structure and electric characteristic of SiO,/SiC
interface by calculating the atomic structure on the interface
with the earth simulator.

There is a precedent research in a theoretical calculation
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of the electric characteristic (electronic structure) generated
with the atomic structure on the SiO,/SiC interface®. Energy
levels have been calculated by using the super computer on
the condition that dangling bonds of Si and C that exist in
the interface make defects. However, because the number of
atoms included in these calculations was about 100 atoms at
most, and the number of interfacial atoms was about 6-10, a
complex SiO,/SiC interface structure was not able to be sim-
ulated. By using the earth simulator, it is thought that the
number of atoms included in an atomic model can be
increased more than 1000 atoms that were not able to be cal-
culated in the past, and the band structure simulation in an
interfacial interlayer and a clustered carbon, etc. becomes
possible.

A lot of researches exist that clarified only a physical
structure of an interface, and that handled only an interfacial
electric characteristic. It is difficult to decide the electric
charge state of the defect though the structure of an interfa-
cial defect can be identified from the measurement of a
physical structure. On the other hand, it is difficult to know a
physical structure though it can know the electric charge
state of the defect from electric evaluation of characteristics.
On the semiconductor device interface, the microscopic
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electric charge state of the defect decides a macroscopic
electric characteristic. The purpose of this research is a thing
to know the relation between the atomic level defect struc-
ture and the electric charge state in the interface where the
periodicity of the atom has collapsed, and to clarify the rela-
tions between a physical characteristic and electric charac-
teristic.

2. Simulation result
2.1. Generation of amorphous SiO,/SiC interface

The defect structure of the oxide and the semiconductor
interface are important factors to decide the characteristic of
the SIC device. To emulate this interfacia structure on the
computer, and to decide how the interfacial defect structure
determines the device characteristic, the SiO,/SiC interface
structure is generated and the electronic geometry is decided
by the first-principle molecular dynamics (MD) simulation
with the earth simulator. The calculations have been per-
formed using the ab-initio total-energy and molecular-
dynamics program VASP (Vienna ab-initio simulation pro-
gram) developed at the Institut fir Materialphysik of the
Universitdt Wien®°. In last year's research project, an amor-
phous SiO, layer was formed by using a small-scale model
of about 100 atoms crystal SiO, (beta-quartz)/crystal SIC by
melting and rapid cooling and it searched for the temperature
condition etc. of the melting and rapid cooling?. As aresult,
it has been understood the SiO, layer was made amorphous
and free energy of the entire system was minimized when
the heating temperature was 3000K, the heating time was
3.0ps, and the speed of rapid cooling was -1000K/ps. When
the temperatures were lower than 3000K, the SiO, layer was
not made amorphous enough. However, when the tempera-
tures were higher than 3000K, it was seen that the SIO, layer
part separates (Fig. 1). Then, at current year, we fixed the
terminal in the SiO, area and made a sandwich mode! that
was a structure to place a movable layer between fixed lay-
ers. It is tried to improve a disorderly interface by melting
and rapid cooling this model, therefore it has been under-
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Fig. 1 Interfacial electronic density after rapid cooling. Heating temper-

ature is (i) Initial state, (i) 2000K, (iii) 2500K, (iv) 3000K,
(v) 3500K, (vi) 4000K, respectively.

stood to be able to generate an amorphous structure without
causing the model's destruction even in 4000K (Fig. 2). Asa
result, a more disordered amorphous area was able to be
obtained than before.

Based on the result of a preliminary calculation in these
small-scale models of about 100 atoms, we generated the
amorphous SiO,/SiC interface structure by using a medium-
scale model of about 400 atoms. The heating temperature is
4000K, the heating time is 3.0ps, the speed of rapid cooling
is -1000K/ps, and SiC movable layers in the interface are
assumed to be 4 or 6 layers. In addition, in temperature
(2200K) to which model doesn't separate because degree of
freedom of system decreased, the fixed SiO, terminal was
opened to make the SiO, layer more amorphous.

As aresult, in the four layers movable SiC system after
cooled to the room temperature, total energy of the system
that opens the SiO, fixed terminal is lower than total energy
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Fig. 2 Free energy and atomic structure of the fixed terminal models.

(a) Free energy, (b) Atomic structure after cooling, Free SIC areais
(i) 4 layers, (ii) 6 layers, (iii) 8 layers, (iv) 10 layers, respectively.
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Fig. 3 Free energy and atomic structure of the relaxed terminal models.
(a) Free energy of 4 or 6 free layer models, Atomic structure after
cooling of (b) 4 free layers and (c) 6 free layers models (stereo-
graph).

of the system that fixed the terminal, it is able to be con-
firmed that the system of open terminal is taking a steady
atomic structure (Fig. 3). However, in the six layers movable
SiC system after cooled to the room temperature, total ener-
gy of the open terminal system doesn't decrease to the ener-
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Fig. 4 Total electronic density of state of the relaxed terminal model

gy of the fixed system, and the atomic structure is observed
to be separating in SiO,, it has been understood not to be
able to keep a stable amorphous structure. Therefore, four
layers movable SiC system is suitable to generate the interfa-
cial defect structure.

2.2. Electronic structure of amorphous SiO,/SiC interface

In the interface generated with four layer movable SiC
layer 2200K relaxation model, the bond not to take part in an
interfacial connection (dangling bond) has disappeared that
exists by one per three atom of interface in conventional
crystal SiO,/crystal SiC connection model, and almost
abrupt interface is reproduced. However, when the entire
electronic density of state (DOS) was calculated, some ener-
gy levels were still observed in the band gap (Fig. 4). Two
defect energy levels exist from the top of a valence band at
the level of about 0.4eV. We examined to which wave func-
tion the energy level belonged, and calculated the ratio of the
atom that made the wave function. We examined the energy
level belonged to which wave function, and calculated the
ratio of the atom that made the wave function. As aresult, it
was decided that both energy levels were made by almost
single atoms. Figure 5 shows the charge density distribution
by all electrons and defects energy levels, respectively. The
defects energy levels are originated from interfacial oxygen.
This O has bonding with interfacial Si, however the other
side is not bonded to any atoms, and it becomes a dangling
bond. The localized electronic distribution that cannot con-
tribute to bonding causes defect energy levels.

3. Conclusion

On the semiconductor device interface, the microscopic
electric charge state of the defect decides a macroscopic
electric characteristic. To emulate interfacial structure, the
SiO,/SiC interface structure is generated and the electronic
geometry is decided by the first-principle molecular dynam-
ics simulation. The amorphous SiO,/SiC interface structure
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(b)

Fig. 5 Charge density distribution of the relaxed terminal model near the interface by (&) all electrons and (b) defect energy level, respectively.

is made by medium-scale model of about 400 atoms. The
heating temperature is 4000K, the heating time is 3.0ps, the
speed of rapid cooling is -1000K/ps, and SIC movable layers
in the interface are assumed to be 4 layers. In temperature
2200K the SiO, terminal was opened to make the SiO, layer
more amorphous. Therefore, four layers movable SiC system
is suitable to generate the interfacial defect structure. In the
interface generated with four layer movable SiC layer
2200K relaxation model, the dangling bond has disappeared,
and almost abrupt interface is reproduced. However, some
energy levels were still observed in the band gap. Two
defect energy levels exist from the top of a valence band at
thelevel of about 0.4eV. It was decided that both energy lev-
els were made by amost single atoms. The defects energy
levels are originated from interfacial oxygen. The localized
electronic distribution that cannot contribute to bonding
causes defect energy levels. The interfacial model size will
be expanded to 1000 atom size in the coming year, and vari-
ous defect structures that exist in an actual semiconductor
device are scheduled to be simulated.
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