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Abstract  We investigated the interface defect engineering and reaction mechanism of reduced transition layer and

nitride layer in the active plasma process on 4H-SiC by the plasma reaction with the rapid processing time at the room

temperature. Through the combination of experiment and theoretical studies, we clearly observed that advanced active

plasma process on 4H-SiC of oxidation and nitridation have improved electrical properties by the stable bond structure

and decrease of the interfacial defects. In the plasma oxidation system, we showed that plasma oxide on SiC has

enhanced electrical characteristics than the thermally oxidation and suppressed generation of the interface trap density.

The decrease of the defect states in transition layer and stress induced leakage current (SILC) clearly showed that

plasma process enhances quality of SiO2 by the reduction of transition layer due to the controlled interstitial C atoms.

And in another processes, the Plasma Nitridation (PN) system, we investigated the modification in bond structure in

the nitride SiC surface by the rapid PN process. We observed that converted N reacted through spontaneous

incorporation the SiC sub-surface, resulting in N atoms converted to C-site by the low bond energy. In particular,

electrical properties exhibited that the generated trap states was suppressed with the nitrided layer. The results of active

plasma oxidation and nitridation system suggest plasma processes on SiC of rapid and low temperature process,

compare with the traditional gas annealing process with high temperature and long process time.
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I. Introduction

Silicon carbide (SiC) has special characteristics for

power devices (high temperature applications, high

frequency, high power) related to high breakdown field (3.5

MV/cm for SiC versus 0.6 MV/cm for Si) and wide

bandgap (~3.25 eV), thermal conductivity (4.9 W/cm.K) [1-

3]. However, the 4H-SiC device shows low inversion

channel mobility due to the high interface traps density (Dit)

in the interface of thermal SiO2/4H-SiC with the point

defects, formation of excess C atoms, and silicon

oxycarbides (SiOxCy)
 [4,5] In particular, the SiOxCy species

of interfacial transition regions are evaluated to primarily

responsible for the observed Dit. Therefore, a gate

dielectric with a well-engineered interface was crucial for

enhancing the SiC devices. On the other hand, since

electric field across the dielectric and semiconductor

interface inversely with the dielectric constant of the

material, defective interfacial region is proportional to the

4H-SiC resulting in a major effect of the degraded

MOSFET devices with SiC substrates [6-9]. Therefore, the

high breakdown field of SiC is severely underutilized,

reducing the major advantages of SiC for power device.

Thus, limitation of dielectric/4H-SiC could be solved by

creating a significantly defect control process in the oxide/

semiconductor interface.

In this work, the investigation of the change in interfacial

defect and plasma process of reduced transition layer and

nitride layer in the active plasma processes on 4H-SiC by

the active plasma process with the rapid processing time at

room temperature. 

II. Experimental

The active plasma processes of oxidation and nitridation

were performed at n-type 4H-SiC (0001) at room

temperature by the Radio Frequency (RF) remote plasma

process. Before the oxidation processes, SiC substrates

performing for 1 min in hydrofluoric (HF) acid solution.

The thermally oxidation process was carried out in a

furnace (20 min-1050oC). The plasma SiO2 was grown in

plasma source chamber (at room temperature, 300 s) under

flow of O2 gas (1000 sccm and ignition gas Ar 20 s) and

power of 1100-1400 W (Fig. 1(a)). And plasma nitridation

(PN) was performed 180 s (at room temperature) under

1000 sccm N2 gas and ignition Ar 10 s and plasma power

4100-4300 W (Fig. 4(a)).
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The thickness of the SiO2 and nitride layers on 4H-SiC

was investigated by the high-resolution transmission

electron microscopy (HRTEM). The chemical states were

observed using high-resolution X-ray photoelectron

spectroscopy (XPS) with detection angles of 20-90o. The

binding energies were calibrated by the 100.8 eV (Si-C).

The Capacitance voltage (C-V) and current electric field

(J-E) were measured by the Agilent B1500A. The interface

trap density (Dit) were determined by the conductance-

frequency (G-f) and capacitance-frequency (C-f) of parallel

mode conductance (Gp/ω)max [10,11].  

where A is the area of the electrode and q is the elemental

charge. And, density functional theory (DFT) calculations

investigated to atomic structure and formation energy using

the VASP.

III. Results and Discussion

In the active plasma oxidation system, figures 1(b) and

(c) exhibit HR-TEM images of the thermal oxide and

plasma oxide films on SiC substrates, respectively. Both

oxidation processes, SiO2 films of thicknesses were grown

approximately ~5 nm with the growth through the

interfacial reactions. In order to confirm the chemical

bonding states formed due to the each oxidation reaction,

XPS measurements were carried out. Generally, the

standard thermally grown SiO2 on Si showed that

outstanding electrical properties, such as low leakage level

current and high breakdown field. However, in the SiC

thermal oxidation process, a side reaction formed the

formation of SiOxCy species or C clusters at interface

region. It is, the actuality of negatively influences the

reliability of SiO2/SiC devices [12]. The characteristics of

chemical states of the Si 2p spectra of each processes were

investigate in detail because it were related to the SiOxCy

on the transition layer. The quantitative analysis of the

depth distributions of the SiOxCy species of the each

samples were investigated on various detection angles (20o

to 90o, angles of SiO2 surface and analyzer) to determine

the distribution of SiOxCy for the vertical direction to

substrate of each oxides films, as shown in Figure 2(a).

The Si 2p spectrums were several fitted about the SiC,

SiOC3, SiO2C2, SiO3C, and SiO2 species, and these fitted

states referred to as S0, S1, S2, S3, and S4. The

quantitative ratios of fitted XPS result exhibit the

accumulation of the S1-S3 of the plasma oxide decrease

along the sub-surface in SiO2, which is antithetic the results

of the thermal SiO2 film. Moreover, in the plasma SiO2

film, S1-S3 peaks were not appeared at the low angle (20o).

It is change in the ratios of the S1–S3 related to the

formation of the C related species of transition layer and

different properties of oxidation process using O2 plasma

process. As SiC (material ratios of Si:C (1:1)) is gradually

transformd into SiO2 (material ratios of Si:O (1:2)) during

the each oxidation in the reaction of Equation

( ), which can be

followed at high temperatures oxidation by reaction Equation

( ). The

high-temperature oxidation process implies dissociated C

atoms that are formed by the by-product of Ci, and then Ci

incorporated into the SiOx/SiC at the interfacial transition

region. 

From the compared concentration of the depth

distribution of SiOxCy species in Figure 2(a), a simplified

process mechanism of each oxidation processes were
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Figure 1. (a) Schematic diagram of O2 Plasma oxidation
process (at room temperature). The HR-TEM images of the
(b) thermal and (c) plasma SiO2 films on SiC substrates. 

Figure 2. (a) Quantitative depth distribution of the SiOxCy

species as a function of detection angles (20o, 45o, 70o, 90o) for
the thermal and plasma SiO2 films. Schematic of the reaction
mechanisms implied in the (c) thermal and (d) plasma
oxidation.
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speculated by considered diffusivities of the different

sources of O and the hybridization of Si and C of SiO2/SiC

interfacial region at the initial growth step, as shown in

Figure 2(b) and (c). The transport of molecular oxygen gas

was not quickly reacted during the thermal oxidation

process. The inter diffusion of oxygen gas through the

oxide film is reacted with SiC at the oxide/SiC interface,

result in the formation of mixed SiO2 and incorporated C

into SiOxCy species (S1, S2 and S3) at the transition layer.

However, in the plasma oxidation process, activated ionic

oxygen source in a radical state or electronic states can

easily react with dissociated Si and C. The source energy

in plasma is sufficient to form the SiO2, result in formation

of more stable SiO2 and suppressed incorporation C into

SiOxCy species (S2 and S3). In addition, the irradiation of

plasma process can break the un-stable Si-O-C bonds

(network structures), and then decomposed Si and Si-O can

be reacted with active oxygen source to form stable SiO2

[13]. The highly active oxygen source can be reacted with

defective site through the oxide layer: i.e., process can

easily react with unstable SiOxCy, resulting in formation

of stable silicon dioxide. Concurrently, carbon species

(by-product CO or CO2) are vaporized by the reaction

with decomposed Ci and C-O during the plasma process

( ). Bas

ed on the reaction process, the decrease in S1, S2 and S3

bonds to the surface direction in the XPS data implies that

the formation of SiOxCy was tellingly suppressed due to the

removal of interstitial carbon using active plasma oxygen

source.

In order to interpret the plasma oxidation on SiC, the

electrical characteristics measurements were performed

using MOS capacitor. Figures 3(a) and (c) exhibit the C-V

curves of the 5 nm SiO2/SiC through the thermal and plasma

processes, respectively. The features are the decrease in

hysteresis (100 kHz) and the frequency dispersion of the

plasma SiO2 film (0.05 V and 4.3%) compared to that of the

thermal oxide (0.18 V and 7.6%). Since the decrease of C-

V hysteresis was indicated that the reducing the defective

trap charges (O vacancy of SiO2 film) generation in plasma

oxide, the frequency dispersion reduction in plasma oxide

can be explained as decreasing of interface defect owing to

the advantages of the plasma process. In order to confirm

the change in interfacial defect states of oxidation process

on SiC system (thermal and plasma oxide), interface trap

density (Dit, Ec-E (0.2-0.55 eV)) were investigated through

the conductance measurements. The plasma oxide contains

Dit with ~ low to mid -1011 cm−2 eV−1, which is a lower

value than thermal oxide (~ low to mid -1012 cm−2 eV−1), as

shown in Fig. 3(b). The result well explains the previous

results of reduction of the frequency dispersion. The

important reduction of the Dit of plasma process strongly

reveals controlled interface defect state at the interfacial

region between the oxide film and SiC substrate.

Moreover, for the Dit characterization, the effective border

trap density of the each oxide was investigated by

measured C-V curves (100 kHz), as shown in Figure. 3(d).

The border trap densities per unit energy were calculated

from difference between the capacitances of the forward

(Cf) and reverse (Cr) C-V curves : [Crf(Vg) = |Cr-Cf |]. The

number of the border trap density in the plasma oxide

(1.36 × 1010V−1cm−2) is smaller than the thermal oxide

(7.02 × 1010V−1cm−2). The border trap related to slow traps

located at the interfacial transition region between the

oxide and the near the SiC substrates. Thus, the higher

border trap density of the thermal oxide can be result in

formation of oxygen vacancies and SiOxCy species at the

transition region, as previous results of XPS characteristics.

Based on these electrical results, the voltage stressing

conditions were investigated due to the measurement of

stress induced leakage current (SILC) with the stability of

the oxide films. The forward I-V characteristics using

SiOxCy O
*

2 plasma( ) SiO
2

s( )CO or CO
2

g( )→+

Figure 3. The C-V of (a) thermal and (c) plasma SiO2-MOS structures (b) Dit results and border trap density of (d) for the
thermal and plasma SiO2/SiC. Current and voltage with stress leakage current (SILC) for the (e) thermal and (f) plasma SiO2

films.
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difference ramp voltages were applied under ramped

voltage stressing (RVS) as shown in the Fig. 3(e) and (f).

During the increase in the ramp voltage, leakage current

level of the I-V curve in thermal oxide was increased after

stressing voltage 2.6 V. Since electrical stress can increase

the number of bulk defects, likely due to quantum

mechanical tunnelling and trap-assisted tunnelling through

the dielectric, defects (new electron traps) can be generated

in the thermal oxide by repeated high field stress. In

particular, in the plasma oxide, the leakage current

characteristics were maintained within the breakdown

voltage of 3.0 V. Therefore, the difference between the

SILCs of the thermal and plasma oxidation systems

exhibited the plasma oxide has distinct advantages, such as

controlling formation of stable SiO2 and defect states. 

On the other hand, in another active plasma processes on

SiC, the Plasma Nitridation (PN), we investigate the

change in defect states in the PN/SiC sub-surface (related

to channel reion) due to the PN process. First, we evaluated

the thickness and chemical bonding states of nitrid layer

grown by the PN process. The HR-TEM images of the PN

process on SiC was shown in Fig. 4(b). The layer with a

thickness of ~2.6 nm was formed on the SiC sub-surface,

indicated that layer grown through the reactions via the

plasma nitridation. In order to evaluate the detail properties

of new layer, the XPS were investigated to information of

the electronic structure of the new layer on SiC sub-

surface. In order to invetigate the chemical bonding of the

incorporated nitrogen on SiC with the depth direction, we

measured angle dependent XPS (Ne sputtering), as shown

in Figure 4(c). Both Si-N and Si-O-N bonds were showed

after the PN treatment on the depth direction. Moreover,

the O 1s and N 1s peaks related to the Si-O-N disappeared

after the sputtering (red line), indicated that Si-N on the

SiC are priorly bonded on substrate in PN process. To

investigate the atomic structure of the reaction between

SiC and N atoms, we evaluated DFT on 4H-SiC. The SiC

(0001) was calculated due to the unit cell with a single N

atom substitution in Si and C sites (site Si (1, 3) and site C

(2, 4)), as shown in Figure 4(d). The Si, C, N bonds

formation energy in substitutional atoms (convert site

Si(N), C(N)) are also calculated due to the DFT. Based on

formation energy of each site, we suggest that the

Figure 4. (a) Image of Plasma Nitridation process, HR-TEM images of after a PN on the SiC (b). The (c) O 1s, Si 2p and N 1s
XPS spectrum of after PN on SiC due to the sputtering process. (d) Atomistic structures of Si and C site of 4H-SiC. The N atoms
are incorporated to C-site by the nitridation with a Si-site (e) SC-N(2) and (f) SC-N(4).

Figure 5. (a) XPS Si 2p and (b) N 1s core-level spectra Al2O3(2
nm)/SiC, PN/SiC, HF/PN/SiC and Al2O3(2 nm)/HF/PN/SiC. In
the Si 2p and N 1s spectra.
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sequential reaction of the substitutional C and N for its

reaction with Si via nitridation process on SiC at the SiC

sub-surface. In particular, N atoms are more easily

converted to C site by the nitridation process with the low

energy compared to Si sites (SC-N(2); 0.892775 eV and

SC-N(4); 0.89617 eV), as shown Figure 4(e) and (f). To

effect of the nitrogen incorporation on SiC system, electrical

measurements were investigated in MOS structure. Before

the electrical measurements to investigate the thin nitride

layer/SiC due to the plasma nitridation, the SiOxNy/Si-N

layer was etched in HF, and then for the oxide layer of

MOS structure, Al2O3 dielectric deposited by the ALD

method. The chemical states of the between the Al2O3 and

the etched SiC surface was confirmed due to the XPS. The

N 1s and Si 2p of XPS spectra of the Al2O3 2 nm/SiC, PN/

SiC, HF/PN/SiC, Al2O3 2 nm/HF/PN/SiC were shown at

Figure 5. The spectra exhibited nitrogen bonding remained

(Si-N, Si-O-N, called perfect bonds) of the Al2O3 2 nm/

HF/PN/SiC after the unstable bonding oxides were

removed due to the selective etching with HF. The figure

6(a) and (b) show the MOS structures and thickness of

dielectric layers of the Al2O3/SiC and the Al2O3/PN/SiC

substrate after TiN deposition. The border traps was

investigated among the samples by measuring the C-V

hysteresis characteristics at 100 kHz, as shown in Figure 6

(d). The border trap in the Al2O3/PN/SiC (5.08 × 1010V−1 s

cm−2) was smaller than the Al2O3/SiC (8.64 × 1010V−1cm−2). It

is reflected to the slow trap charge could locate in the

Al2O3/SiC interface with interfacial SiNx near the sub-

surface. The Dit distribution of the energy states Ec-E

(0.2~0.55 eV) were exhibited, as shown in Figure 6(e). The

PN has lower Dit than compared with Al2O3/SiC. The

reduction of the Dit for the PN process strongly reflects the

role of the nitride layer at the Al2O3/SiC interface. The

lowest Dit was achieved in the nitridation, probably due to

the incorporated nitrogen Si-N perfect bonds in the

interfacial region with suppressed interface defect states

compared to the Al2O3/SiC. In other to evaluate the

leakage current of PN treated SiC substrate, we measured

I-V characteristic. Figure 6(f) exhibits the I-V results of

with and without PN process under conditions of both gate.

In comparing I-V curves, the most notable finding is that

the Al2O3/SiC sample showed that higher leakage current

level rather than PN process sample under positive gate

bias. Finally, these results of the characteristics of electrical

properties between the Al2O3/SiC and Al2O3/PN treatment

SiC strongly proposes that generated defect states is

suppressed due to the PN on SiC.

IV. Summary

We investigated on an evaluation of the effect of change

in interfacial defect plasma process of reduced transition

layer and reaction with SiC with active plasma reaction on

4H-SiC by active plasma process with the rapid processing

time at room temperature. The results of active plasma

oxidation and nitridation system suggest a possibility of

rapid and low temperature process, compared that gas

annealing process due to the high temperature and long

processing time.
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Figure 6. The HRTEM images of the (a) Al2O3/SiC and the (b) Al2O3/PN/SiC substrate after ALD-Al2O3 (30 nm) and TiN metal
gate deposition. (c) C-V curves and (d) Effective border trap density of before and after PN treatment on SiC. (e) Interface trap
density (Dit) and (f) I-V characteristics for before and after PN.
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