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The atomic structure of nitrogen at the SiO2/4H-SiC(0001) interface has been

investigated using X-ray absorption spectroscopy (XAS) in two nitric oxide

annealed samples, one of which was oxidized in dry O2 (NO-POA) prior to the

experiment. The peak shapes and energies of the observed and simulated

spectra are in agreement and indicate that the N-containing sites could be the

substitutional C site at the interface for the NO-annealed sample and the

interstitial site in the interior of SiC for the NO–POA-annealed sample. XAS

analysis distinguished between the N-containing sites at the SiO2/SiC interface.

1. Introduction

Semiconductor devices manufactured using silicon carbide

(SiC) can be operated at higher breakdown voltages, switching

speeds and temperatures than those exhibited by devices that

are manufactured using only silicon (Okumura, 2006; Kimoto,

2015). SiC metal-oxide semiconductor field-effect transistors

(MOSFETs) are expected to be used in next-generation

vehicles such as electric and fuel-cell vehicles (Shen & Omura,

2007). The performance, especially channel mobility, of SiC

MOSFETs is limited by defects at the SiO2/SiC interface. The

introduction of interfacial nitrogen by annealing in nitric oxide

reduces the interface state density (Li et al., 1997; Chung et al.,

2000; Yoshioka et al., 2012). The states of interfacial N have

been investigated (Kosugi et al., 2011; Xu et al., 2014);

however, the atomic structure about N after NO annealing in

substitutional and interstitial sites is not well understood even

though this can result in differences in interface defects.

Kosugi et al. (2011) reported that N atoms were present as

nitrides in the SiC interior when annealed at 800–1467�C

under 20% NO (Ar balance). Xu et al. (2014) reported that N

was directly incorporated into SiC or the first layers of SiC

when annealed at 1175�C in NO after oxidation in dry O2. The

local environment of interfacial N and its chemical state were

investigated and observed to be identical regardless of the

annealing conditions (oxidation by dry O2 or not). Both

studies used X-ray photoelectron spectroscopy (XPS), which

is sensitive to the chemical state but not to the atomic struc-

ture (Briggs & Rivière, 1983). Hence, it is difficult to distin-

guish between the substitutionally and interstitially

incorporated N, with a few exceptions, e.g. N-doped TiO2

(Palgrave et al., 2009). In contrast to substitutional N that only

bonds to Ti, interstitial N may bond to Ti and O. The latter is

highly electronegative, resulting in a large chemical shift that
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can be detected by XPS. Shirasawa et al. (2007) used low-

energy electron diffraction (LEED) and a scanning tunneling

microscope (STM) and reported a silicon oxynitride layer with

a heterodouble-layer structure; a silicate monolayer on a

silicon nitride monolayer with Si—O—Si bridge bonds was

formed by annealing in N2 with residual oxygen. Therefore,

the location of N atoms could not be determined at least for

the case of NO annealing. Additionally, LEED and STM can

be used for the thin layer formed at the surface. However, they

could not be applied for an interface with an overlayer such

as the SiO2/SiC interface, since they are relatively surface-

sensitive methods.

In this study, we used X-ray absorption spectroscopy (XAS)

to analyze the N incorporated into the SiO2/4H-SiC(0001)

interface after NO annealing. The X-ray absorption near-edge

structure (XANES) spectra obtained by XAS vary according

to the local atomic structure around the target element, even

without long-range periodicity (Norman, 1986). The atomic

structures can be distinguished by comparison with standard

spectra obtained theoretically (Mizoguchi et al., 2009, 2012).

In the theoretical calculations, the SiO2/SiC interface is

modeled, which is different from a similar study by Hamada et

al. (2017) who used a simple bulk model. The substititionally

incorporated N is defined as N changing place with Si, C or O,

or as N filling an Si, C or O vacancy, in SiC and SiO2. The

interstitially incorporated N is defined as N in the lattice of

SiC or SiO2, and its actual position is determined by a

geometrical optimization in the calculation.

2. Experimental and theoretical methods

The experimental observations were conducted at the soft

X-ray absorption spectroscopy beamline, BL12, of the SAGA

Light Source (SAGA-LS) (Kaneyasu et al., 2009), which has

an electron storage ring with a 75.6 m circumference and

is operated at 1.4 GeV and 300 mA. Quasi-monochromatic

X-rays ranging in energy from 40 eV to 1500 eV were

produced using a varied-line-spacing plane grating. The

energy resolution (E/�E) was approximately 2500 at 400 eV.

The X-ray beam from the beamline was normal to the sample

surface, and the beam spot dimensions were 1.5 mm (hori-

zontal) � 0.6 mm (vertical). In the total electron yield (TEY)

XAS measurements, the drain current (I) of the samples was

detected (Isomura et al., 2015); I was normalized by the inci-

dent X-ray intensity, which was determined using the drain

current (I0) of an Au mesh placed between the final mirror and

the sample. The base pressure of the main chamber was

approximately 3 � 10�8 Pa.

We prepared two different N-containing SiO2/SiC samples

for interface analysis with TEY-XAS. The 4H-SiC(0001) Si-

face substrates were annealed in a ramp-heating furnace. One

was annealed at 1300�C for 30 min in 10% NO (N2 balance)

(hereafter NO-ox). The SiO2 film was grown to a thickness of

6 nm. The other was annealed at 1300�C for 7 min in 100%

oxygen (SiO2 film thickness: 10 nm) and was then annealed

under the same conditions as NO-ox (1300�C, 30 min, 10%

NO) (hereafter NO–POA for nitric oxide post-oxidation

annealing). In both samples, the SiO2 films were thinned to the

same thickness (�3 nm), within the probing depth (1–10 nm)

of the TEY-XAS (Cook et al., 2009), in a 1% aqueous

hydrogen fluoride solution (etching rate: 4–8 nm min�1). A

thick (>100 nm) silicon nitride film was also used for

comparison (hereafter Si–N).

Prior to the XAS measurements, chemical states of N were

investigated for the N-containing SiO2/SiC samples by

conventional XPS. XPS measurements were performed using

PHI-5500 with a hemispherical energy analyzer and a mono-

chromated X-ray source (Al K�, 1486.6 eV). The emission

angle of analyzed electrons was set to 0� (normal to the

surface). The pass energies were 117.4 eV and 11.75 eV for the

survey and core level spectra, respectively.

To distinguish between the N-containing sites, the SiO2/SiC

interface was modeled by inserting N atoms into the lattice. A

combination of �-tridymite SiO2 and 4H-SiC (Si-face), with

the smallest mismatch of lattice constant among the various

polymorphs of SiO2 (Ono & Saito, 2015), was used as the

initial structure in the calculations. A slab model was also used

in which the thicknesses of the SiO2, SiC and vacuum layers

were 10 Å, 10 Å and 15 Å, respectively. The SiC layer

contained five Si–C bilayers, and the bottom two layers were

constrained in their bulk positions. The total number of Si, O

and C atoms in each unit cell was 138. The dangling bonds

on the vacuum-layer sides were terminated by hydrogen.

Geometrical optimizations and XANES spectra simulations

were performed via density-functional calculations using the

CASTEP plane-wave code (Clark et al., 2005), aided by the

Materials Studio software (BIOVIA). Ultrasoft pseudo-

potentials and the generalized gradient approximation were

used in the calculations (Perdew, 1985). In the XANES

calculations, the ultrasoft pseudopotentials were generated

on-the-fly (Gao et al., 2009), where one core electron was

eliminated from the 1s core level in the core-hole calculations.

The calculation ‘Quality’ in the geometrical optimizations was

set to ‘Fine’ (energy tolerance: 10�5 eV per atom; maximum

displacement tolerance: 10�3 Å; cutoff energy: 340 eV). The

calculation ‘Quality’ in the XANES spectra simulations was

also set to ‘Fine’ (cutoff energy: 550 eV). To make the

computational XANES comparable with the experimental

results, the energy was broadened with an instrumental

smearing of 1.0 eV. In the pseudopotential method, the tran-

sition energy cannot be evaluated. It was derived from the

total energy difference between the excited and ground states,

following the procedure by Mizoguchi et al. (2009).

3. Results and discussion

Fig. 1 depicts the XPS spectra for the N-containing SiO2/SiC

samples (NO-ox and NO-POA). Photoelectron and Auger

peaks are observed and are assigned to Si, O, C and N

contained in the samples. In the N 1s spectra, single peaks can

be seen at 398.0 eV, which are assigned to nitrides because of

the agreement with the result reported by Kosugi et al. (2011).

Fig. 2 depicts the N K-edge XANES spectra for the N-

containing SiO2/SiC samples (NO-ox and NO-POA) along
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with that for Si–N. The spectra for NO-ox and NO-POA

exhibit small N K-edge peaks on a strong download sloping

background with energy. The background is attributed to the

C K-edge peak in SiC that exists at low energy (generally at

�285 eV). Si–N shows a main peak at 404.0 eV, which agrees

with the peak energy of �-Si3N4 (Chang et al., 1998). The NO-

ox sample has a sharp-topped peak at 404.0 eV, that is, the

same energy as Si–N. Conversely, the NO-POA sample exhi-

bits a broad peak at 404.5 eV and a small pre-edge peak at

399.0 eV, i.e. an energy difference of 5.5 eV. In both samples

(NO-ox and NO-POA), the peak energies nearly agree with

Si–N, suggesting the presence of Si–N bonds. The spectral

features of the NO-ox and NO-POA samples are compared

with that of the standard theoretically obtained spectra.

Fig. 3 depicts the geometrically optimized interface struc-

tures of �-tridymite SiO2/4H-SiC (Si-face) with N incorpo-

rated at various substitutional and interstitial sites near the

interface. The substitutional C sites at the interface and in the

SiC interior are depicted in Figs. 3(a) and 3(b), respectively.

Interstitial N sites bonded to C and two Si atoms at the SiC

and SiO2 sides are depicted in Figs. 3(c) and 3(d), respectively.
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Figure 2
N K-edge XANES spectra for N-containing SiO2/SiC samples annealed
in NO ambient and NO-POA along with that for the Si–N film sample
(bottom). For Si–N, the intensity (I/I0) is smaller and the background is
constant at 0.22.

Figure 1
XPS spectra for the N-containing SiC samples annealed in NO ambient.

Figure 3
Geometrically optimized interface structures of �-tridymite SiO2/4H-
SiC(Si-face) with nitrogen: (a) substitutional C site at the interface and
(b) at the SiC interior; (c) interstitial sites at the SiC and (d) at the SiO2

side; (e) substitutional Si site at the SiC interior. Yellow, gray, red and blue
denote the Si, C, O and N atoms, respectively. The crystal orientation for
SiC is also depicted.



The substitutional Si site at the SiC interior is shown in

Fig. 3(e). Although other structures were modeled, the

geometrical optimization of the models with a substitutional Si

site at the interface and a substitutional O site in the SiO2

interior did not converge, and their figures are not depicted.

Fig. 4 depicts the simulated N K-edge XANES spectra for

the N incorporated in the SiO2/SiC interface [Figs. 3(a)–3(e)]

along with that for bulk �-Si3N4. For comparison, the

measured spectra for N-containing SiO2/SiC samples were

normalized after the backgrounds were subtracted by a

general method for XAS analysis using the ATHENA data

processing suite package (Ravel & Newville, 2005), and are

also depicted in Fig. 4. In the simulated spectra, the �-Si3N4

has a peak at 410.0 eV, located higher in energy by 6.0 eV than

the peak corresponding to the Si–N film. Mizoguchi et al.

studied the XANES spectra simulated using CASTEP in

detail. They reported that the transition energy was over-

estimated by approximately 1% relative to the absolute

energy (Mizoguchi et al., 2012), which is a similar trend in

other calculations (Mizoguchi et al., 2004, 2008; Tanaka et al.,

2005), although the spectral shape was consistent with the

experiment (Mizoguchi et al., 2009). Ikeno & Mizoguchi

(2017) reported that the overestimation may stem from an

underestimation of the electronic correlation because of the

restriction to electronic configurations (Slater determinants)

and the insufficient treatment of core-hole screening effects.

The aforementioned high energy of 6.0 eV is close to the

overestimated value of 4.1 eV (1% of 410.0 eV), suggesting

systematic errors in the CASTEP calculations. Therefore, the

measured spectra are compared with the simulated spectra in

‘relative energy’ with reference to silicon nitride (Si–N and

�-Si3N4, respectively).

The substitutional C site at the interface [Fig. 4(a)] exhibits

a sharp-topped peak at the same energy as �-Si3N4 (410.0 eV),

which is consistent with NO-ox in peak shape and relative

energy. Although the substitutional C site in the SiC interior

[Fig. 4(b)] exhibits a peak at the same energy as that in

Fig. 4(a), the peak-top shape is broad. Furthermore, the

substitutional Si site in the SiC interior [Fig. 4(e)] exhibits a

sharp-topped peak similar to that exhibited by Fig. 4(a), and a

clear shoulder is present at 416.0 eV. Thus, the spectra for both

sites [Figs. 4(b) and 4(e)] suggest different features for the

NO-ox sample. It is suggested that the N-containing site in the

case of NO-ox is the substitutional C site at the interface

[Fig. 3(a)], showing the spectrum of Fig. 4(a).

The interstitial site, with an asymmetrical structure around

N, in the SiC side [Fig. 4(c)] exhibits a broad-topped peak

at 413.5 eV and a small pre-edge peak (like a shoulder)

at 408.0 eV, indicating an energy difference of 5.5 eV. The

XANES spectra are also sensitive to symmetry which can lead

to pre-edge (Tanaka et al., 1988), causing the pre-edge peak,

e.g. N interstitial sites in bulk SiC in the calculated XANES

spectra (Hamada et al., 2017). In Fig. 4(c), the peak shape with

the pre-edge peak resembles that in the NO-POA sample, and

the energy difference (5.5 eV) between the main and pre-edge

peaks agrees with the NO-POA sample, although the relative

energy is higher by 3.0 eV. Hamada et al. (2017) reported that

the calculated XANES spectra for interstitial N in SiC

exhibited a main peak at higher energy than that of Si3N4

(Hamada et al., 2017), in agreement with the simulations in

this study. In the N-containing sites in the NO-POA sample,

the interstitial sites in the SiC side [Fig. 3(c)], showing the

spectrum of Fig. 4(c), are least dominant. This is because it

cannot be determined whether the spectrum with the broad-

top peak includes other spectra and whether these spectra are

small.

4. Conclusions

The atomic structures of N incorporated in the SiO2/SiC

interface after NO annealing were investigated by XAS. Two

research papers

J. Synchrotron Rad. (2019). 26, 462–466 Noritake Isomura et al. � Distinguishing nitrogen-containing sites in SiO2/4H-SiC(0001) 465

Figure 4
The simulated N K-edge XANES spectra for N incorporated at the SiO2/
SiC interface [in Fig. 3(a)–3(e)] along with that of bulk �-Si3N4 (bottom).
For comparison, the measured spectra for N-containing SiO2/SiC samples
are also depicted. The measured spectra were normalized after the
backgrounds were subtracted, and were shifted in energy with reference
to silicon nitride.



NO-annealed 4H-SiC(Si-face) samples were used, one of

which was previously oxidized in dry O2 (NO-POA). Only the

NO-annealed (NO-ox) sample exhibits a sharp-top main peak

in the XANES spectrum. Conversely, the NO-POA sample

exhibits an additional pre-edge peak. The peak shape and

energy of the obtained and simulated spectra agree using

SiO2/SiC interface models with N atoms inserted into the

lattice. Consequently, the N-containing sites are probably

substitutional C sites at the interface in the case of the NO-ox

sample and an interstitial site in the SiC side in the case of the

NO-POA sample. XAS can be used to distinguish between the

N-containing sites at the SiO2/SiC interface by comparing the

experimentally obtained and simulated spectra; apparently,

simulation-aided XAS analysis can be used to improve the

performance of high-power SiC-MOSFET devices.
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