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A nitridation annealing process is well employed to reduce interface trap states that degrade

the channel mobility of 4H-SiC/SiO2 metal-oxide-semiconductor field-effect transistor. In

recƒent experiments, the existence of high N-atom density layers at the annealed interface is

reported and their concentrations are known to be anisotropic in the crystal planes. Until now,

the role of atomic structure and the electronic states surrounding the N atoms incorporated

by the nitridation annealing process on the origin of anisotropy is not well understood. In this

work, we propose a simplified atomic-scale model structure of 4H-SiC with the a high N-atom

density layer (∼ 1015 atom/cm2), which is of the order of the experimental observation. We

use bulk 4H-SiC as host crystal and consider several sets of the atomic configurations of the

N-atom incorporated structure at the quasi cubic-(k-) and hexagonal-(h-)sites on a-, m-, and

Si-(C-)faces. Based on the density functional theory calculations, we investigate the influence

of the energy stability on the distribution directions. Although our bulk model is simplified

compared to the realistic interface structures, we confirm significant difference among models

and observe that the incorporation of N atoms on the a-face is stable. Furthermore, from

the analysis of the electronic states, we suggest that this anisotropy of the formation energy

originates from the change of the coordinating number due to the difference in geometric

configurations of the N-atom incorporated structures.

1. Introduction

4H-silicon carbide (4H-SiC) is an IV-IV type semiconductor with a wide band gap of

3.2 eV,1) and the 4H-SiC based metal-oxide-semiconductor field-effect transistor (MOSFET)
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is expected to be used in next generation switching devices operating at high power and high-

frequency applications.2, 3) To reduce the density of interface defects, a passivation treatment

with nitrogen has been used and improvement in the mobilities µ = 30 ∼ 80 cm/V ·s has been

achieved.4, 5) The experimental characterizations of the annealed SiC/SiO2 interface are pre-

viously reported,6, 7) where the incorporated N atoms are fixed on the SiC substrate side at the

C-atom sites that are chemically bonded with the Si atoms. Hamada et al. measured N-atom

density by the secondary ion mass spectrometry and reported the presence of a high N-atom

density layer.6) The 4H-SiC has several crystal planes; using the conventional expressions of

the hexagonal lattice, the faces can be described as the a-face (1100), m-face (1120), Si-face

(0001), and C-face (0001). For each crystal plane, the N-atom density reaches the order of

1014 ∼ 1015 atom/cm2;6) we can say that the most of C atoms at the interface are substituted

by N atoms. Shirasawa et al. proposed a model of N-annealed 6H-SiC/SiO2 interface, which

constitutes epitaxially-stacked SiO2 and Si3N2 monolayers (SiON) on the SiC.8) In the case

of 4H-SiC, a similar structure was proposed and the simulated X-ray absorption spectroscopy

spectrum agreed well with the experiment.9)

Besides, there are some experiments reporting that this annealing process exhibits an

anisotropic behavior with respect to the crystal planes.6, 10) Dhar et al. measured the 4H-

SiC/SiO2 interface by 15N nuclear reaction analysis and reported that the concentration of N

atoms on the a-face is more than twice as compared to that on the Si-face.10) Reference 6 in-

dicates that the m-face has nearly the same concentration of N atoms as the a-face; regardless

of the annealing temperature, the N incorporation occurs in the order of a ∼ m ≫ Si, ex-

cluding C-face. The anisotropy mechanism is yet to be well understood and the atomic-scale

structure has not been understood well for arbitrary crystal planes.

In this work, we propose a universal atomic-scale model describing 4H-SiC with high

N-atom density layer in arbitrary crystal planes. Besides, to understand the anisotropy of N-

atom density, we study the stability and electronic states of the 4H-SiC, including the various

configurations of the Si vacancy (VSi) and N atoms at the C-atom sites (NC). The areal density

of N atoms in our model is ∼ 1015 atom/cm2, which agrees well with experimental results.

Our structures do not generate any defect states in the band gap of 4H-SiC and the N-atom

incorporation is thermodynamically preferable. From the structural optimization, we find the

difference in formation energy for the N-atom incorporated structures among crystal planes,

which is caused by the geometry of the chemical bonds around N atom in 4H-SiC; our results

show that the incorporation at the k-site on the a-face is energetically stable compared to other

sites and crystal planes. The wave functions of the conduction band minimum (CBM) are
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separated by the atomic planes containing N atoms. We predict that the conducting properties

degrades in the direction perpendicular to the plane containing the N atoms. On the other

hand, the order of formation energies in our bulk model is slightly different from that of the

N-atom density in the experiments,6, 10) suggesting that the anisotropy of nitridation annealing

process observed in the present experiments is due to the effect from the surface of the crystal

plane and the kinetic process during the chemical reaction.

This paper is organized as follows: in Sec. 2, we present the crystal structures considered

in this study and the computational conditions. In Sec. 3, we report the optimized energies of

each structure and discuss the electronic structures in terms of the density of states (DoS) and

the wave function at the CBM. Finally, in Sec. 4, we conclude our study.

2. Method

In our model, for the host material of 4H-SiC, we employ a rectangular supercell of

dimensions 12.3 Å×10.7 Å×10.1 Å containing 128 atoms1) [See. Fig. 1(a)]. For convenience,

we refer to the three axes as X ([1100]), Y ([1120], and Z ([0001]); the cross sectional planes

of XY , YZ, and ZX represent the Si-(C-), a-, and m-faces, respectively.

We consider several modifications incorporating 4 VSis and 16 NCs. Both Si and C atoms

have four valence electrons, and a N atom has three valence electrons. We expect that a

stable structure will not contain dangling bonds, from the similarity of the SiON layer model

reported by Shirasawa et al.8, 11) To evaluate the anisotropy, we consider the cases in which

VSis are arranged on the Si-(C-), m-, and a-faces. The model of the host structure is shown in

Fig. 1(a). The areal density of N atoms in each crystal plane is shown in Table I; the proposed

model can provide the layer with high N-atom density that reaches the order of 1015 atom/cm2

reported in previous studies.6) In addition, the 4H-SiC has two inequivalent lattice sites, i.e.

h- (hexagonal-) and k- (quasi-cubic-) sites [see Fig. 1(b)]. With the possible options of the

crystal planes [a, m, or Si(C)] and the lattice sites (k or h), there are two possible methods

to place VSi in a plane: In L (linear) type geometry, VSis are aligned with each other, and

in S (staggered) type geometry, VSis are placed out of alignment with each other. There are

3 × 2 × 2 = 12 non-equivalent atomic configurations.

The first-principles calculations are performed by the RSPACE code,12) which uses the

real-space finite-difference approach within the frameworks of density functional theory.13)

The local density approximation (LDA) is used for the exchange-correlation energy. We

select the Vosko-Wilk-Nusair parameterization of the LDA14) and the projector-augmented

wave (PAW) method is used for electron-ion interactions.15) A 3 × 3 × 3 Monkhorst-pack
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Table I. N-atom density for each crystal plane in Fig. 1(c).

Face N-atom density [atom/cm2]

a 1.48 × 1015

m 1.29 × 1015

Si(C) 1.22 × 1015

Table II. N-atom coordinating numbers and band gaps Egap for the considered modifications of N-atom in-

corporated structures. Each modification is characterized by the crystal plane [a, m, and Si(C)] and the lattice

site (hexagonal h or quasi-cubic k). Si(0) represents those number of Si atoms that are not neighboring the NC

atoms; whereas Si(1) and Si(2) represent those neighboring one and two NC atoms, respectively.

Site Face Si(0) Si(1) Si(2) Egap (eV)

k Si(C) 24 24 12 2.223

k m 28 16 16 2.413

k a 32 8 20 2.455

h Si(C) 24 24 12 2.120

h m 24 24 12 2.212

h a 28 16 16 2.376

k-point mesh including a Γ-point in the Brillouin zone (BZ) is adopted. The real-space grid

in the supercell is 60 × 50 × 48, which has a spacing of about 0.21 Å. We perform geometry

optimization until the atoms’ residual forces are smaller than 0.001 Hartree/Bohr radius.

In addition, the choice of the exchange-correlation functionals is important for the accu-

racy of some physical properties; the generalized gradient approximation (GGA)16) is often

employed instead of the LDA. On the other hand, the LDA gives qualitatively reliable results

for structural stability and formation energy. A few previous works17, 18) have discussed the

formation energy of the transition-metal incorporated SiC between LDA and GGA. In most

cases, qualitative behavior (such as stability order) does not change much by functionals. The

reported discrepancy is mainly caused by the charged state of the 3d levels; since our model

does not include these states, we expect the effects by choice of functionals are smaller than

in previous studies. Besides, we have compared our main calculation results by both LDA and

GGA; there are no significant differences by the functionals [see Supplementary material19)

for more details].
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Fig. 1. (Color online) Schematic of N-atom incorporated structures. (a) 4H-SiC supercell structure contain-

ing 128 atoms. (b) k- and h-site positions from X[1100]-direction. (c) Configuration of N-atom incorporated

structures in host structure for 6 L-type arrangements.

3. Results and Discussion

The optimized lattice constants of SiC with the N-atom incorporated structures are

a=2.98 Å and c=4.87 Å, which are comparable with that of 2H-SiC (a=3.07 Å and

c=4.92 Å), indicating that the dangling bonds are hardly generated by the lattice constant

mismatch at the interface. For the modification of VSi and NC positions, we determine the

following formation energy.

Eform =E(SiO2) +
1
4

E(S C)
total (4VSi16NC) + 4µCO + 2µN − 16E(SiC) − 6µNO,

where E(SiC) and E(SiO2) are total energies of SiC, SiO2 units in bulks of 4H-SiC and

quartz SiO2, respectively. 1
4 E(SC)

total (4VSi16NC) represents the total energies of considered mod-

ifications with 4VSi and 16NC in the 4H-SiC supercell. In addition, µNO, µCO, and µN are the

chemical potentials of NO molecules, CO molecules, and N atoms in N2 molecules, respec-

tively. The temperature is set at 1000 K and the partial pressure of NO gas, pNO, is 1 atm.

Since the annealing process is not equilibrium states, it is not straightforward to determine
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Fig. 2. (Color online) Formation energies Eform with respect to partial pressures of CO and N2. Na(= 4)

represents the number of NC per one VSi.

the partial pressures of CO, pCO, and N2, pN2 , gases. Here, pCO (pN2) is varied between 10−1

atm and 10−5 atm (0.25× 10−1 atm and 0.25× 10−5 atm). The formation energies with respect

to pCO and pN2 are shown in Fig. 2. Here, we concentrate on the 6 L-type modifications,

which provide energetically stable results [see Fig. 1(c)], since the S -type arrangements are

more unstable than the L-type arrangements. According to Fig. 2, the following trends are

observed: (1) all models considered here are stable because the formation energies are neg-

ative. (2) Incorporation at the k-site is more stable than h-site for the same crystal plane. (3)

Incorporation on the a-face is always more stable than the other faces for the same sites. Al-

though the areal N-atom density in the present models is comparable with those observed in

the experiments, the order of the formation energies is not consistent with that of the areal N-

atom densities in the experimental results, implying that the effects from the surface of crystal

planes and the reaction process limit the areal N-atom density in the present experiments. In-

deed, the experimental study reported the large difference in the N-atom density between the

Si-face and C-face.6) However, our bulk model does not distinguish between Si-(0001) and

C-(0001)-planes. Our results also indicate that the atomically flat interface can be fabricated

on a-face by optimizing the annealing process.

We suggest that this anisotropy of the formation energy is related to the number of Si-N

bonds around the substitutional sites. In Table II, the first three columns represent the number

of Si atoms neighboring 0, 1, and 2 NC atoms; Si(0) represents the number of Si atoms that

are not neighboring NC atoms (connected to four carbon atoms), and Si(1) and Si(2) are those

neighboring one and two NC atoms, respectively. The energetically most stable configuration
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(a) C

(b) Si(0)

(c) Si(1)

(d) Si(2)

(e) N

Fig. 3. (Color online) PDoS of various sites in a modification (incorporation at k-site and a-face incorpora-

tion). (a) PDoS at a C atom distant from NC. (b) PDoS at a Si atom distant from NC. (c) PDoS at a Si atom

neighboring one NC. (d) PDoS at a Si atom neighboring two NCs. (e) PDoS at a NC.

(k-site and a-face) has the largest number of Si(2).

To understand the effect of the neighboring N atoms on the electronic structures, we calcu-

late the partial density of states (PDoS). The PDoS is evaluated from the expansion coefficient

of the atom of interest, obtained by expanding the wave function into pseudo partial waves

in the PAW method. The PDoS profiles are smoothened by a Gaussian broadening function

with a full-width half-maximum (FWHM) of 0.16 eV.

Figures 3(a) and (b) represent the PDoS at the C and Si sites, located away from N atoms.

They are expected to be nearly the same in the bulk 4H-SiC; the site in Fig. 3(b) is counted

as Si(0) in Table II. In the bulk 4H-SiC, all of the four sp3 orbitals of Si atoms hybridize

with sp3 orbitals of neighboring four C atoms and form the valence bands. As can be seen in

Figs. 3(c) and (d) (counted as Si(1) and Si(2) in Table II, respectively), the peak positions of

the bands shift to lower energy from the case of (b). In such cases, sp3 orbitals of Si atoms

hybridize with p orbital of N atoms instead of C atoms. N atoms have a larger nuclear charge

than C atoms. Therefore, the electron energy is expected to decrease when the number of

Si-N bonds increases.

Moreover, we also consider a simplified model, molecules of Si(NH2)n(CH3)4−n, contain-
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Fig. 4. (Color online) Orbital charge profile of the lowest energy bonding orbitals of Si(NH2)n (CH3)4−n.

Table III. Total energies En for Si(NH2)n(CH3)4−n molecules and energy difference ∆En defined as Eq. (1).

The constant term E(C) + E(H) − E(N) is 119.006 [eV].

n Compond En [eV] ∆En [eV]

0 Si(CH3)4 −1767.216

1 Si(NH2)(CH3)3 −1883.064 3.158

2 Si(NH2)2(CH3)2 −1999.014 3.056

3 Si(NH2)3(CH3) −2114.956 3.063

4 Si(NH2)4 −2230.921 3.041

ing n Si-N bonds. As seen in Table III, we compute the total energy En and ∆En using the

following equation:

∆En = En − En−1 + [E(C) + E(H) − E(N)] , (1)

which represents the energy change caused by adding one more neighboring N atom. E(C),

E(H) and E(N) are the total energies of single C, H and N atoms, respectively. In Table III, we

find the relation of ∆E2 < ∆E1; the formation of Si atoms with two NC atoms is energetically

more stable than that with one NC atom.

The spatial profiles of the wave functions are useful for understanding the relation of ∆En.

In the case of n = 0, the Si atom is surrounded by four equivalent CH3 branches; there are four

degenerated sp3 orbitals of a Si atom. The lowest bonding state represents the hybridization

of these four sp3 orbital [see Fig. 4(a)]. In the case of n = 1, the Coulomb potential of the

N atom perturbes one of the sp3 orbitals and the lowest bonding state consists of the sp3

orbital directing to the N atom [see Fig. 4(b)]. The localization of this wave function around

the N atom leads the increase of its kinetic energy. In the case of n = 2, there are the two sp3

orbitals on N atoms, and the wave function of the lowest bound state is distributed around two

N atoms [see Fig. 4(c)]. Since the wave function is not as localized as for n = 1 case, and the
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kinetic energy by the confinement is decreased in the case n = 2. We consider the localization

of the wave function to be the origin of the relative stability of the n = 2 configuration.

The above results indicate that the presence of Si atoms connected to two NC atoms can

reduce the total energy. This is consistent with the relationship between the NC coordinating

number and formation energy seen in Table II and Fig. 2, respectively. Therefore, we suggest

that the anisotropy of the formation energy originates from the coordinating number due to

the difference in geometric configurations of the N-atom incorporations. As seen in Table II,

the above mechanism results in the following tendencies, where incorporation of N atoms on

the a-face is more stable than the Si-(C-) and m-faces, and the k-site is more stable than the

h-site.

Next, we focus on the band gap of each modification represented by Egap in Table II.

For the pristine 4H-SiC, Egap = 2.138 eV, which is slightly smaller than the experimentally

observed value (Egap = 3.26 eV),3) due to the well-known underestimation behavior by the

LDA.14) With the incorporation of N atoms, the band gap tends to increase. The increase is

significant for the a- and m-faces, while the change is relatively small for the Si-(C-)face. In

particular, the DoS and band structures are shown in Fig. 5 for the incorporation at the k-

site, which has highly stable structures. In addition, there are no in-gap state in the calculated

electronic band structure; it indicates the absence of dangling bond in our model.

The band structure of the 4H-SiC primitive cell has a CBM at the M-point that exists on

the Γ − X ([1100]-direction). In the case of our rectangular supercell, the M-point is folded

to the Γ-point of the reduced BZ. As seen from Fig. 5(a), the CBM is observed at Γ-point.

The band dispersion around the CBM is anisotropic; there is a flat and isolated band along

the Z-([0001]) direction. This is due to the low periodic symmetry of stacking along the

Z-direction in 4H-SiC. The effective mass tensor increases nearly twice as much in the Z

direction compared to other directions;20) consequently, its conduction properties degrade.

Figure 5(b) represents the cases for the N-atom incorporation on the a-face. The modu-

lation of the conduction band arises in the X ([1100])-direction, and we can observe a gap

in the degeneracy around the X-point. These behaviors are due to the symmetry breaking

caused by the wall-like N-atom incorporated structures. The conductivity decreases in the

X-direction. When the N-atom incorporated structures are distributed on ZX or YZ plane, the

quantum confinement effect increases the energy levels of the CBM. This is why the band gap

increases in the case of incorporation on the a- and m-faces (see Table II). In the 4H-SiC, the

CBM has a characteristic wave function, namely the floating state,21) which is not distributed

in the vicinity of the atomic sites; the high N-atom density layer breaks this wave function
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(see Fig. 6). Our earlier study noted that such incorporations at the interface may reduce the

carrier mobility of the MOSFET due to the scattering of the conduction electrons.22) For ex-

ample, in the case of nitridation annealing on the Si-(C-)face, the nitridation is expected to

grow on the a-face due to the low formation energy when the effect of the crystal surface is

ignored. The wall-like incorporations, which break the wave function of the CBM, grow the

band gap and decrease the carrier mobility in the X-direction (1100), are introduced in the

nitridation annealing on the m- or Si-(C-)face. Therefore, the m- or Si-(C-)face based MOS-

FETs are undesirable due to the degradation in the conduction properties. We believe that the

nitridation annealing of the a-face is preferable for the 4H-SiC based MOSFET.

4. Summary

We conducted a first-principles study on atomic-scale mechanisms leading to the

anisotropy of the areal N-atom density in the nitridation annealing process of 4H-SiC based

MOS. We proposed the simplified model of bulk 4H-SiC with the high N-atom density layers,

considered various atomic configurations of the N-atom incorporated structures distributed

across a plane, and analyzed their energetic stability and the influence of the crystal planes

and sites. It is found that the proposed structures are enegetically stable, the lattice constant

of the proposed structure is in accordance with that of SiC, and no defect states are gener-

ated in the band gap of SiC. As seen in Table I, the proposed model can provide the high

N-atom density layer in which the density is similar order with that reported in the experi-

ments (∼ 1015 atom/cm2).6, 10) In addition, we showed that the distribution on the a-face at the

k-sites is more stable compared to other faces and sites. The analysis of the electronic struc-

ture provides the mechanism for the anisotropy of the formation energy. Our results indicate

that the number of Si atoms neighboring two NC atoms depends on the orientation, which is

responsible for the anisotropy. The calculated order of the formation energy anisotropy is not

consistent with the areal N-atom densities in the experimental results (C > a ∼ m > Si). We

expect that this discrepancy is explained by two reasons. First, our bulk model does not de-

scribe the realistic SiC/SiO2 interface. In the 4H-SiC based MOSFETs, the thermal oxidation

and nitridation annealing processes on the 4H-SiC surface create the N-atom incorporated

structures on the substrate side of the SiC/SiO2 interface, and the configuration of N atoms is

also expected to be affected by the neighboring O atoms. To obtain more realistic predictions,

an improved understanding of the N-atom incorporation on various orientations of the MOS

interface is desired since the effect from the surface of crystal plane is difficult to treat in the

bulk model. Second, since we investigate the preferential direction of the growth of N-atom
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incorporated structures, our computational model does not include a kinetic process in which

a N atom on SiO2 surfaces overcomes reaction barrier and intrudes into the SiC layer. Al-

though our formation energy calculation indicates that the a-face is suitable for fabrication of

atomically flat MOS interface, the kinetic process of N atom diffusion through SiO2, which

should be suppressed in the future, plays important role in the present annealing process.

Moreover, a similar atomic structure is desired in the experimental and theoretical works

for the NV-center applications in the quantum information.23) We expect a similar “coordinat-

ing number”-based understanding of the distribution of the N-atom incorporated structures in

crystals to our approach.
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Fig. 5. Electronic structures of (a) pristine and (b)-(d) SiC with N-atom incorporated structures on Si-(C-),

m-, and a-faces, respectively. The first column shows the total DoS; the second, third, and forth columns are

the band dispersion along the kz(Γ-Z), kx(Γ-X), and ky(Γ-Y) directions, respectively. The Fermi level defines the

zero of the energy (vertical direction). We employ the same FWHM as that in Fig. 3.
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Fig. 6. (Color online) Charge density distribution of wave function of CBM in 4H-SiC with incorporation at

k-site and a-face.
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15) P. E. Blöchl: Phys. Rev. B 50 (1994) 17953.

16) J. P. Perdew, K. Burke, and M. Ernzerhof: Phys. Rev. Lett. 77 (1996) 3865.

17) T. Oda, Y. Zhang, and W. J. Weber: J. Chem. Phys. 139 (2013) 124707.

14/15



J. Phys. Soc. Jpn.

18) T. S. Wolfe, R. M. Van Ginhoven, and A. Strachan: Modelling Simul. Mater. Sci. Eng

29 (2021) 055008.

19) (Supplemental material) [Comparison of formation energy between LDA and GGA] is

provided online.

20) W. R. Lambrecht and B. Segall: Phys. Rev. B 52 (1995) R2249.

21) Y.-i. Matsushita, S. Furuya, and A. Oshiyama: Phys. Rev. Lett. 108 (2012) 246404.

22) T. Ono, C. J. Kirkham, S. Saito, and Y. Oshima: Phys. Rev. B 96 (2017) 115311.
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