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Abstract 

In order to realize a high quality interface of silicon di-
oxide /SiC structures, we applied post-deposition treat-
ments (PDTs) to an interface between a chemical vapor 
deposition grown silicon dioxide and 4H-SiC (0001) sub-
strate. We used an Ar plasma treatment and N2/H2 an-
nealing as the PDTs, and evaluated interface state densi-
ties (Dit) by hard X-ray photoelectron spectroscopic meas-
urement with applying bias voltages to the samples. For 
as-deposited sample, Dit was 4 × 1011 eV-1 cm-2 at conduc-
tion band minima (CBM). On the other hand, Dit at the 
CBM decreased to 3 × 1011 for the sample treated with the 
Ar plasma and to the value of below detection limit of the 
analysis for the sample annealed in N2/H2 ambient. How-
ever some increases of Dit were seen at the deep position 
of the bandgap. Therefore, the PDTs resulted in the reduc-
tion of Dit, but their extent of the reduction depended on 
the position of the bandgap. 
 
1. Introduction 

Silicon carbide, which exhibits superior breakdown electric 
field and thermal conductivity over Silicon, has attracted con-
siderable attention for power devices such as metal-oxide-
semiconductor (MOS) field-effect transistors [1]. Except for 
Si, SiC is only the semiconductor material that can form sili-
con dioxide (SiO2) films by thermal oxidations. 

 However, in the thermal oxidation of SiC substrate, small 
amount of carbon impurities remain in the oxide films and on 
the SiO2/SiC interfaces [1,2]. Consequently, the impurities 
cause electrical degradations of SiC devices, which is a cru-
cial obstacle to the implementation of SiC-based power elec-
tronics. On the other hand, deposition methods (e.g. chemical 
vapor deposition (CVD)) can avoid the remains of carbon im-
purities. However, interfaces between CVD-grown SiO2 
films (CVD-SiO2) and SiC substrates commonly have larger 
amount of interface states than interfaces fabricated by ther-
mal oxidations, because of the bombardment of ions into the 
substrates. In order to improve the interface quality of CVD-
SiO2/Si structure, we had applied post-deposition treatments 
(PDTs) (e.g. Ar/O2 plasma treatment) to the structure and 
confirmed the improvement of interface qualities [3].  

In this study, we applied an Ar plasma treatment and N2/H2 
annealing to CVD-SiO2/SiC samples. We evaluated interface 
state densities (Dit) by hard X-ray photoelectron spectro-
scopic measurement with applying bias voltages to the sam-
ples (BA-HAXPES [4]). The PDTs resulted in the reduction 

of Dit, but the extent of the reduction depended on the posi-
tion of the bandgap. 
 
2. Experiment 
 We used an as-grown 4-off-angle 4H-SiC (0001) wafer for 
the fabrication of MOS structure samples. Donor concentra-
tion of the wafer was 1 ×1015 cm-3. After a standard RCA 
cleaning and subsequent native oxide removal with a diluted 
hydrofluoric acid (HF) solution, a SiO2 film was deposited on 
the wafer in two steps. In first step, a dry oxygen plasma treat-
ment was used to clean the surface of the wafer. In second 
step, a 100 nm SiO2 film was deposited by a CVD deposition 
at the temperature of 400 ºC. After the deposition, the wafer 
cut into 4 × 4 mm pieces, and SiO2 films were etched to 20 
nm thickness with a diluted HF solution. After these prepara-
tion, samples were treated by two kinds of PDTs. One re-
ceived an Ar plasma treatment (CVD + Ar plasma), the other 
received an N2 (90%)/H2 (10%) annealing (CVD + N2/H2 an-
neal). Ar plasma treatment was carried out in a micro-wave 
excited high-density plasma for 5 minutes at the temperature 
of 350 °C with the pressure of 133 Pa. N2 (90%)/H2 (10%) 
annealing was carried out in a horizontal furnace for 20 
minutes at 400 °C with the atmospheric pressure. We also 
kept the as-deposited sample (CVD as-deposited). Ten-na-
nometer TiN films were deposited on samples by a sputtering.    

The samples were attached an Au stage of XPS equipment 
with a sliver paste. Au wires were connected to the TiN films 
with the silver paste. BA-HAXPES was carried out at Beam 
line 16 XU of SPring-8. X-ray energy was 8 keV and photo-
electron take-off angle was 85 degree to the sample surfaces. 
Si 1s spectrum were measured at several bias conditions. En-
ergy shifts of Si 1s peaks of the SiC substrates, from the zero 
bias condition, were estimated by a peak fitting analysis. 
 
3. Result 
 Figure 1 shows Si 1s spectrum under bias conditions. The 
bias voltages were applied to the SiC substrates with respect 
to the TiN films, and were restricted to keep voltage drops, 
caused by leakage currents, across the surfaces of TiN films 
one-tenth less than the applied voltages. The right peaks are 
corresponding to SiC substrates and left ones are correspond-
ing to SiO2 films in figure 1. Applying positive bias voltages 
shifted the substrate peaks toward a higher binding energy. 
On the other hand, applying negative voltages shifted the sub-
strate peaks toward a lower binding energy. 
 Figure 2 shows the energy shifts of substrate peaks as a func-
tion of bias voltages. The bias-induced shifts were completely 
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reversible which mean these shifts were caused by a band 
bending and accumulation/release of electrons at interface 
states by the bias voltages. The energy shifts were in the same 
manner for the three samples, but the features of the graphs 
depend on the samples. From the slopes of graphs, Dit can be 
evaluated by the method which has been proposed by Koba-
yashi et al. (see references [4] for the details). 

 
Fig. 1 Si 1s spectrum for the TiN/CVD-SiO2/SiC samples. (a) CVD 
as-deposited, (b) CVD + Ar plasma, (c) CVD + N2/H2 anneal. 
 

 
Fig. 2 Energy shifts in Si 1s peaks compared to the energy at zero 
bias (a) CVD as-deposited, (b) CVD + Ar plasma, (c) CVD + N2/H2 
anneal.  
 

Figure 3 shows energy distributions of Dit for the samples. 
For CVD as-deposited, Dit were 4 × 1011 eV-1cm-2 at conduc-
tion band minima (CBM) and 2 × 1012 eV-1cm-2 at Ec – 1.0 eV. 
Here, Ec is the energy level of the CBM. Dit of this sample is 
as low as those in interfaces fabricated by thermal oxidations 
reported in previous literatures [5]. On the other hand, for 
CVD + Ar plasma, Dit were 3 × 1011 eV-1cm-2 at the CBM and 

4 × 1012 eV-1cm-2 at Ec – 1.0 eV. For CVD + N2/H2 anneal, 
Dit were the value of below the detection limit of this evalu-
ation at the CBM and 2 × 1012 eV-1cm-2 at Ec – 1.0 eV. In 
addition, Dit of over 4 × 1012 eV-1cm-2 was extracted around 
the mid-gap. Although the clear mechanism has not been elu-
cidated, the PDTs were able to decrease Dit at the CBM, but 
exacerbated Dit at the deep positions of bandgap. 

 
Fig. 3 Energy distributions of the interface states for (a) CVD 
as-deposited, (b) CVD + Ar plasma, (c) CVD + N2/H2 anneal.  
 
4. Conclusion 

We applied PDTs to CVD-SiO2/SiC interfaces and evalu-
ated Dit of the samples by BA-HAXPES. For as-deposited 
sample, Dit was 4 × 1011 eV-1 cm-2 at the CBM. On the other 
hand, Dit at the CBM decreased to 3 × 1011 eV-1 cm-2 for the 
sample treated with the Ar plasma and to the value of below 
detection limit of the analysis for the sample annealed at the 
temperature of 400 ºC in N2/H2 ambient. Our BA-HAXPES 
analysis revealed that the PDTs were able to decrease Dit at 
the CBM, but also increased Dit at the deep positions of 
bandgap. An improvement of treatment conditions to realize 
lower interface state densities is the next topic in order to ob-
tain a guideline for superior SiC-MOS devices. 
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