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Silicon carbide semiconductor devices are expected to be used in severe environments such as outer space and nuclear

power plants.  However, the performance of SiC devices is much lower than the theoretically expected values. This is consid-

ered to be attributed to defects at the SiO2/SiC interface that degrades the electrical performance of the devices. It is important

to construct the amorphous SiO2 (a-SiO2) structure on SiC to simulate the actual device interface structure on the computer.

To generate a-SiO2/SiC interface structure, the heating and quenching calculation was performed using the first-principles

molecular dynamics (MD) calculation. The slab model is used for the initial structure of calculation. It has a size enough 

to generate the a-SiO2/SiC interface structure. After heating and quenching calculation, SiO2 layer of this model became 

amorphous characteristics. The simulation result does not become a defect-free structure at interface. There is a defect 

with five coordinations Si at the interface. This coordination defect disappears when the quenching speed slow down from

–2000 K/ps to –500 K/ps. We performed the dynamical simulation of the SiO2/4H-SiC C-face interface oxidation process

using first-principles MD method. The MD simulation is carried out at 2500 K. The O2 molecule is dissociated in the SiO2

layer or by Si atoms at the SiO2 interface. The O atom of the O2 molecule oxidized the C atom at the SiC interface and formed

Si-C-O complex.
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1. Introduction
Silicon carbide (SiC) semiconductor devices are expected

to be used in severe environments such as outer space and/or

nuclear power plants. The performance of SiC metal-oxide-

semiconductor (MOS) devices to date is low enough as com-

pared with theoretical performance expected. This is consid-

ered to be attributed to defects generated at the SiO2/SiC

interface that degrade the electrical characteristics of MOS

devices. However, it is not clear at present what kind of

defects affect the degradation of electric characteristics.

Although a lot of researchers have been done for analyzing

the relation between physical structure near the interface and

electrical characteristics in actual MOS devices, the details

are not clear at present. The aim of our study is to know the

relation between physical structure and electrical character-

istics at the interface by using large scale simulation. We try

to generate a-SiO2 layers in the atomic network model at the

interface because the oxide-layer in actual SiC MOS devices

has an amorphous characteristic. In the last year, the SiO2

layers of the calculation results almost became an amor-

phous characteristic [1] using middle scale model. However,

atomic network with defect was not generated at interface in

the middle scale model though it was frequently observed in

the actual devices.

In this work, a large-scale slab model was prepared on

the basis of an atomic network of beta quartz (β -SiO2) on

4H-SiC crystal and theoretical structures simulated for the

interface in the actual SiC MOS devices were successfully

obtained on the Earth Simulator by heating and quenching

calculation for the slab model. It is also important to under-

stand the thermal oxidation process at the SiO2/SiC inter-

face to improve characteristics of SiO2/SiC interface. The

oxidation process on the C-face is very interesting because

its oxidation rate is ten times higher than that of the Si-face

[2] and the channel mobility on a C-face MOSFET is higher

than that on a Si-face one. We report the dynamical simula-

tion results of the oxidation process on the C-face and dis-

cuss the difference in the process between the Si-face and

the C-face.
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Fig. 1  The temperature profile of the heating and quenching process

and the transition of total energy.

Fig. 2  Total and partial RDF of the SiO2 layers at room temperature

with the quenching rate of –2000 K/ps.

2. Simulation result
2.1 Simulation calculation of real device interface that uses

large-scale interface model

Last year, we obtained the SiO2 layers with an amorphous

characteristics [1] using 444 atoms middle-scale model.

However, the defect at the interface was not induced, though

it was observed in the actual devices. The aim of this report

is to produce the theoretical interface involving the defects at

the interface and to know the relation between physical

structure and electrical characteristics at the interface by

using large-scale simulation.

A simulation for the a-SiO2/SiC interface in the actual SiC

MOS devices was carried out on computer using the first-

principles MD calculation, in which Vienna ab initio

Simulation Package (VASP) [3–5] was employed as a calcu-

lation code. Prior to the calculation, a large-scale slab model

using 1017 atoms (693 atoms at the heating and quenching

calculation) was prepared on the basis of an atomic network

for beta quartz (β-SiO2) on 4H-SiC crystal. The Si atoms at

the top of β-SiO2 and the C atoms at the bottom of 4H-SiC

crystal were saturated by H atoms. By applying the heating

and quenching method to the large-scale slab model, a theo-

retical structure around the a-SiO2/SiC interface was

obtained on computer. Figure 1 exhibits the temperature pro-

files of the heating and quenching method for the simulation.

Three different types of temperature profiles are applied.

The total energy of large-scale model is also plotted in the

same figure. 

In the beginning, the SiO2 layer has been melted by 2 ps 

at the temperature of 4000 K. During the melting process,

SiC atoms of the substrate are kept frozen except 2 interface

layers. Surface Si atoms of SiO2 layers are saturated with 

H atoms. Both the Si and the H atoms are also kept frozen 

at melting process. Next, the model cooled down to the tem-

perature of 3500 K. Afterwards, the H atoms are removed

from models and surface Si atoms are melted. Then the

model was continuously annealed for 2 ps. Finally, the

model was quenched to the room temperature using several

quenching rates.

In order to estimate the distribution of the SiO2 layers of

theoretical structure obtained, radial pair distribution func-

tion (RDF) was applied. Figure 2 shows the total and partial

RDF of the SiO2 layers at room temperature with the

quenching rate of –2000 K/ps. No long range order was seen

for the theoretical structure. On the contrary, the short range

order was observed. The Si-O bond length is 0.165 nm and

the O-Si-O bond angle is 109 deg. As seen in Fig. 3, the

average bond angle of Si-O-Si increases from 135 deg to

140 deg with the decrease of quenching rate from –2000

K/ps to –500 K/ps. It was found that the average bond angle

for the quenching rate of –500 K/ps is close to that of silica

glass (145±10 deg).

As for the theoretical structure at the interface, the several

kinds of defects such as a Si dangling bond, Si-Si bonds and

a Si atom with the coordination number of 5 are produced at

the interface. It is not explain well with reasons that these

defects are generated at the interface of theoretical structure

during the heating and quenching procedures. However the

composition ratio of O to Si (O/Si ratio) at the interface is

high enough as compared with that in the SiO2 layers, which
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indicates following thing. As compared with Si in SiO2 lay-

ers, O links easily with the exposed bonds of Si atoms at the

interface involving 4H-SiC substrate during the process.

Therefore these defects, especially for the Si-Si bond or Si

dangling bond, would reduce the excess oxygen at the inter-

face and improve the O/Si ratio to a normal value of 2. As

for the behavior of a Si atom with the coordination number

of 5, the structure disappeared when the quenching rate slow

down from –2000 K/ps to –500 K/ps (Fig. 4).

2.2 Dynamical simulation of SiO2/SiC interface oxidation

process

The calculations have been performed by the VASP with

plane waves, supercells, and the projector augment wave

method [3–5]. Only the gamma point is used for the sam-

pling Brillouin zone. The SiO2/4H-SiC(000-1) (C-face SiC)

interface model is determined as follows. We use multiplied

by √3 1 × 1 C-face SiC as the SiC region initial structure.

The number of atoms in the unit cell of this interface model

is 78. Interface Si atoms of SiO2 region bond to C atoms of

SiC region. One interface Si atom bonds to three C atoms of

SiC interface. This Si terminated C-face model is stable

under the 3500K MD run. The band gap of this interface

model is the same as 4H-SiC bulk one. This means interface

states do not exist in this interface model. Then we multi-

plied by 2 × 2 this small interface model.

The slab model is used for SiO2/SiC interface simulation

with β-tridymite as the SiO2 initial structure and multiplied

by 2√3 1 × 1 4H-SiC(000-1) C-face as the SiC region initial

structure. In the SiC regions, 16 atomic layers are used for

4H-SiC and ten atomic layers are used in the SiO2 region.

The number of atoms in unit cells with the SiO2/4H-

SiC(000-1) interfaces is around 280. In the simulation, 

all ten SiO2 layers and the eight layers of 4H-SiC nearest to

the interface are free. The remaining eight atomic layers of

4H-SiC have a bulk crystal structure. Dangling bonds on

opposite sides of the interface, Si dangling bonds of SiC, 

Fig. 3  The Si and Si interatomic distance at the several quenching rate.

Fig. 4  The atomic structure at the a-SiO2/SiC interface. The rate of the rapid quenching to the room temperature is

(a) –2000 K/ps and (b) –500 K/ps, respectively. These are three kinds of defect is observed at the interface.

(α) is a Si dangling-bond, (β) is a Si-Si bond and five coordination Si, and (γ) is Si-Si bond. The structure

(β) disappeared when the quenching rate slow down from –2000 K/ps to –500 K/ps.
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are saturated with H atoms. The heating and quenching

method was carried out to prepare the initial SiO2/4H-

SiC(000-1) C-face model interface structure. The heating

temperature and heating time are 3500 K and 3.0 ps. 

The time step is 1 fs and temperature is controlled by veloci-

ty scaling in every step. Quenching was carried out to 0 K 

at the rate of –1000 K/ps. In this initial interface model

structure, there are no transition oxide layers, defects or dan-

gling bonds at the SiO2/SiC interface but the tridymite struc-

ture remains. In the simulation of SiO2/4H-SiC(000-1) 

C-face oxidation process, we introduce the Si vacancy into

the SiC layer near the interface in order to trigger the oxida-

tion process.

We put the first O2 molecule in the empty sphere of the

SiO2 layer (Fig. 5(a)). The O2 molecule is bonded to inter-

face Si atoms in the SiO2 layer (Fig. 5(b)). Then, the bond of

the O2 molecule is broken. One oxygen atom retains its bond

with the Si atom and the other oxygen atom moves to the

carbon interface atom (Fig. 5(c)). The oxygen atom and

interface carbon atom reacts and a CO molecule is formed

(Fig. 5(d)). The CO molecule reacts with the oxygen atom

having a dangling bond in the SiO2 layer and forms a CO2

molecule (Fig. 5(e)). The CO2 molecule reacts with the inter-

face carbon atom and a C-C-O-Si bridge finally formed 

(Fig. 5(f)). In the course of reactions, the interface Si atom in

the SiO2 layer moves to the Si vacancy position (Fig. 5(f)). A

tenth O2 molecule is added at 72 ps. Two CO2 molecules and

a CO molecule are formed at 80 ps. The rest of C atoms at

the interface form partially oxidized complexes, for example

O-C-C and O-C-C-C complexes (Fig. 5(g)).

3. Conclusion
A simulation for the a-SiO2/SiC interface in the actual SiC

MOS devices was carried out on computer using the first-

principles MD calculation. Three different types of tempera-

ture profiles for the heating and quenching method are

applied.  The short range order was observed from the RDF

analysis for the SiO2 layers of theoretical structure obtained.

The bond angle of Si-O-Si is observed to be 135 deg, 137

deg and 140 deg with the quenching rate of –2000 K/ps, 

–1000 K/ps and –500 K/ps, respectively. The Si-O-Si bond

angle is close to the value of silica glass at the slow quench-

ing rate. The coordination defect at the SiO2/SiC interface

disappeared with decreasing of the quenching rate to room

temperature from –2000 K/ps to –500 K/ps. It is assumed

that a low quenching rate is necessary at the heating and

quenching calculation to obtain the more stable atomic net-

work model of the a-SiO2/SiC interface from the result of

the extension of the Si-O-Si bond angle and the disappear-

ance of the coordination defect at the interface. We per-

formed the dynamical simulation of the SiO2/4H-SiC C-face

interface oxidation process using first-principles MD based

on plane waves, supercells, and the projector augmented

wave method. The slab model has been used for the simula-

tion. The molecular dynamics simulation is carried out at

2500 K. The O2 molecule is dissociated in the SiO2 layer or

by Si atoms at the SiO2 interface. The O atom of the O2 mol-

ecule oxidized the C atom at the SiC interface and formed

Si-C-O complex. A formed COX molecule in the C-face oxi-

dation is more easily diffused than that in the Si-face oxida-

tion.
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Fig. 5  First-principles molecular dynamics study of SiO2/4H-SiC(000-1) C-face interface at 2500 K. In this

initial interface structure, a silicon vacancy is introduced at the SiO2/SiC interface. (a) 0 ps (b) 0.074 ps

(c) 0.154 ps (d) 0.836 ps (e) 1.275 ps (f) 8 ps (g) 40 ps.
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