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Abstract Silicon carbide is a prime candidate for plasma-

facing materials in future fusion reactors. The formation

energies of various interstitial configurations of helium and

hydrogen atoms in b-SiC were estimated based on density

functional theory. Special consideration was given to the

helium and hydrogen interstitials as the bubble seeds in

b-SiC. From an energetic point of view, only one helium

atom could position itself into the tetrahedral sites. How-

ever, up to three hydrogen atoms could easily position

themselves into the tetrahedral sites by forming a stable H2

molecule or a 3H-trimer that was newly identified in this

study. Based on the different behaviors of helium and

hydrogen, an explanation is proposed for the experimental

observations of bubble formation in irradiated b-SiC.

Introduction

Silicon carbide (SiC) is an excellent material for a number

of applications. It is a remarkable structural material due to

extraordinary properties at high temperatures and under

high mechanical stresses.

SiC is also a wide band-gap semiconductor and is con-

sidered one of the best candidates for high-temperature and

high-power electronic devices. Furthermore, SiC is a prime

candidate for plasma-facing materials in future fusion

reactors, due to its low induced radioactivity as well as

excellent thermo-mechanical properties.

However, as a fusion-reactor material SiC has a critical

issue with tolerance to radiation damages from high-energy

particles of plasma. The interaction of high energetic par-

ticles with matters is a complex phenomenon. The

impinging particles are normally slowed down by colli-

sions with atoms. In the process, however, the

displacement of lattice atoms leads to the creation and

accumulation of various defects.

In a fusion process, besides the displacement damage,

significant amounts of helium (He) and hydrogen (H) will

be produced and will cause additional damage to materials.

At the first wall, for example, the He and H production

rates are approximately 1,500 appm (atomic parts per

million)/MWa/m2 and 500 appm/MWa/m2, respectively.

Therefore, the accumulation and retention of He and H in

SiC is one of the main concerns in fusion materials

research.

The effects of He and H on the structural and mechan-

ical properties of metals and alloys are extensively reported

and documented. Nevertheless, such information was rel-

atively scarce for ceramic materials, especially for SiC.

Recently, however, there has been a noticeable increase in

the number of studies on SiC as a fusion material.

Various experiments were performed to investigate the

microstructure changes of SiC by implantations of He ions

[1, 2], by multi-ion beam implantation [3], and by neutron

irradiation [4]. Point defects, line defects, and defect

clusters were observed after implantation and irradiation,

which led to amorphous structure even at a relatively low
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level of 0.3 dpa (displacements per atom) and at temper-

atures even below room temperature [5].

At higher temperatures, in parallel with gas escape, the

combination and accumulation of mobile defects create

bigger defects, such as bubbles, voids and cavities [6–10].

He and H interstitials in the SiC structure were identified as

one of the main causes for these defects. Consequently,

swelling in SiC up to 10 volume percent has been reported

due to the above mentioned types of damage [11–14].

Although recovery from swelling takes place with

increasing temperature, complete recovery is not attained

even after long annealing periods at 1000 K [15, 16],

which implies the existence of trapped and relatively

immobile He and H atoms in the SiC structure.

In addition, it was reported that the mechanical prop-

erties of SiC are reduced up to 20% by the deleterious

effects of these He and H atoms together with the dis-

placement damage [17]. It was also reported that an H atom

could play a role in enhancing bubble nucleation and also

in increasing the numbers of bubbles in SiC [3, 18].

Various efforts have been undertaken to minimize

swelling in SiC under irradiation by improving the manu-

facturing process of SiC, which was demonstrated by the

team at Kyoto University [19, 20]. Another focus is the

identification of the mechanism on bubble formation in

SiC. Chen and Jung [2] observed higher bubble formation

along grain boundaries of b-SiC with a clear dependence of

bubble appearance on the type of boundary. Taguchi et al.

[21] also reported similar observations, that He bubbles

mainly formed at SiC grain boundaries at an irradiation

temperature of 1000 �C. On the other hand, He bubbles

formed both at SiC grain boundaries and within grains at an

irradiation temperature of 1300 �C.

The role of H atoms on bubble formation in SiC is not

clear. It is believed that, relatively speaking, an H atom is

less able to accumulate into bubbles. Miwa et al. [3]

reported a strong effect of He on cavity swelling up to

10 dpa, while notable effects of H on cavity swelling only

occurred under heavy irradiation by H ions above 10 dpa.

Hojou et al. [22] reported bubble formation under very

heavy irradiation by H ions (above 4.8 9 1018 H/cm2)

followed by electron irradiation. They believed that

implanted H atoms trapped in the dangling bonds of

amorphous SiC were knocked out by electron irradiation

and coagulated with each other to form bubbles.

Other researchers [23–26] have focused on calculations

based on density functional theory (DFT) for the various

defect-related systems of SiC in relation not only to fusion

materials but also to H-passivation as a semiconductor.

Van Ginhoven et al. [23] calculated the formation energies

of He insertions and their activation energies for diffusion

in cubic silicon carbide at the presence of point defects.

Aradi et al. [24] identified the stable configurations of

hydrogen and dihydrogen defects in SiC.

Eberlein et al. [25] presented the structure, diffusion and

rotational energies, and the vibrational modes of the

hydrogen molecule in the hexagonal part of 4H–SiC and in

2H–GaN. They reported that, in both materials, the

hydrogen molecule is stable and aligned along the c-axis.

Calculation by Kaukonen et al. [26] found that only singly

positive or negative charge states of H were thermody-

namically stable in SiC. They identified various stable H2

molecules in the tetrahedral site surrounded by silicon

atoms in SiC. Furthermore, they suggested that charged H

ions may diffuse to form an electrically inactive H2 mol-

ecule, which may in turn cluster to bigger H complexes.

In spite of all these experiments and computations, the

picture of bubble formation by He and H atoms in SiC is

far from clear, mainly because of the complexities

involved, ranging from the atomic scale to the macro scale.

In computational studies, only one He or up to two H atoms

in the interstitial sites of SiC were considered, although the

interstitial sites might trap more atoms, especially in the

case of H atoms.

In this study, b-SiC was investigated by ab initio sim-

ulation to identify the atomic scale behaviors of He and H

in relation to the bubble formation that is frequently

observed in most SiC materials under irradiation. Special

consideration was given to the tetrahedral sites in b-SiC

that can provide proper space for several foreign atoms. Up

to four He or four H atoms were introduced into these sites

to evaluate the possibility of stable complex formations

with He or H atoms that have never been reported before.

In addition, the differences in behavior of He and H atoms

were identified in terms of bubble nucleation in b-SiC.

Computational method

A 2 9 2 9 2 supercell of b-SiC containing 64 atoms (32

silicon atoms and 32 carbon atoms) was generated as the

base structure for the simulations to minimize the defect–

defect interactions and electrostatic effects within a mod-

erate computing capability. All calculations were carried

out based on DFT using the Vienna ab initio simulation

package (VASP) [27, 28].

The interactions between electrons and ions were

described by projector augmented wave (PAW) potentials

[29, 30]. The exchange-correlation energy of electrons was

calculated by the Perdew–Burke–Ernzerhof (PBE) param-

eterization [31] within generalized-gradient approximation

(GGA) with spin polarization considered. An energy cutoff

of 400 eV and the k-point mesh of 4 9 4 9 4 by the

Monkhorst-Pack scheme [32] were used. Brillouin-zone
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integration was performed by using the tetrahedron method

with Bloch corrections [33].

b-SiC in our simulation model was assumed to be

stoichiometric, and the charge states of defects were not

considered, because our focus was on the small clusters of

He or H in relation to the formation of bubbles. The for-

mation energy of various defect systems with interstitials,

Ef
system; were defined at the identified ground states as

Ef
system ¼ Esystem � Ebulk

SiC � nEatom
He;H ð1Þ

where Esystem is total energy of system with defects, Ebulk
SiC is

total energy of perfect supercell of b-SiC, Eatom
He;H is energy

of single He or H atom, respectively, and n is number of He

or H atoms added to the supercell of b-SiC.

The lattice constant and cohesive energy of the bulk

b-SiC were estimated to be 4.39 Å
´

and 12.97 eV/SiC,

respectively. These values are in accordance with the val-

ues reported from experiments [34, 35] and from

calculations [36]. We used this lattice constant as the ref-

erence, and in all of our calculations, the atomic positions

of each configuration with He or H atoms up to four were

fully relaxed in a strain-free condition by appropriate

adjustments of the cell volume.

Results and discussion

He atoms in b-SiC

SiC is a typical covalent-bond solid that leads to a rela-

tively lower packing of atoms and, hence, has rather larger

sites for interstitials: tetrahedral sites with C (carbon)

atoms as the first neighbors and with Si (silicon) atoms as

the first neighbors. In this study, He and H impurities were

only considered to fill these tetrahedral sites of b-SiC, as

schematically shown in Fig. 1. This is because they are the

most probable sites for the foreign atoms, such as He and H

atoms, which can lead to the nucleation and growth of

bubbles in b-SiC.

The formation energies of He interstitials in b-SiC were

calculated by taking He as an isolated atom as the reference

state and are summarized in Table 1. The formation ener-

gies for a single He interstitial in the TC site (tetrahedral

site surrounded by four C atoms) and the TS site (tetra-

hedral site surrounded by four Si atoms) were 3.31 eV and

2.87 eV, respectively. The centers of each tetrahedral site

were identified as the most stable positions for the He

atom.

Locating two He atoms in the TC site spontaneously

stabilized into one He-in-TC plus one He-in-TS. Hence, its

formation energy, 6.10 eV, is very close to the sum of one

He-in-TC plus one He-in-TS in their isolated states.

Locating two He atoms in the TS site, however, simply

increased the formation energy to 9.42 eV with a volume

expansion of 0.7%.

Locating four He atoms in the TC site spontaneously

stabilized into four He-in-TS, while locating four He atoms

in the TS site led to three He-in-TC plus one He-in-TS.

Figure 2 shows one example of the simulation results that

initially started as b-SiC with four He atoms in the TS site.

In this case, the volume expansion was 2.8%. Owing to the

inert nature of He atoms, no significant bonding between

He atoms and the host atoms was observed in all the cases.

Fig. 1 Schematics of interstitial sites in b-SiC: TC site at the center

of tetrahedron made of four C atoms (grey) and TS site at the center

of tetrahedron made of four Si atoms (black)

Table 1 Formation energies (eV/defects) of He interstitials in b-SiC

No. of He

atoms

in TC site

(eV/defects)

in TS site

(eV/defects)

1 3.31 2.87

2 6.10 (1 He-in-TC ?

1He-in-TS)

9.42

4 11.47 (4 He-in-TS) 12.35 (3 He-in-TC ?

1 He-in-TS)

Fig. 2 Schematics of the relaxed b-SiC–4He system showing three

He-in-TC (white) surrounded by four C atoms (grey) and one He-in-

TS (white) surrounded by four Si atoms (black)
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In summary, the results indicate that the number of He

atoms that can be stabilized into b-SiC is limited to only

one, preferably in a TS site. However, it still requires a

relatively high formation energy of 2.87 eV. This clearly

implies the limited role of He interstitials in the process of

bubble nucleation. This further implies that for bubble

formation, it is necessary for He atoms to associate with

other space-providing defects, such as vacancies or grain

boundaries.

H atoms in b-SiC

The formation energies of H interstitials in b-SiC were

calculated by taking H as an isolated atom as the reference

state and are summarized in Table 2.

In general, the TS site seems be more likely to receive H

atoms. The formation energies for single H interstitials in

TC and TS sites were 0.78 eV and 0.48 eV, respectively.

However, the most stable H was identified as the H–C

complex between Si and C in the carbon-filled TS site with

a formation energy of 0.36 eV. The bonding was mostly

formed with C with distances of 1.10 Å
´

.

Placing two H atoms in the TC and TS sites markedly

decreased the formation energy to 0.21 eV and -1.10 eV,

respectively. The distances between H atoms were 0.77 Å
´

in the TC site and 0.72 Å
´

in the TS site, which are close to

the bonding distance of H2 molecules in the gas phase by

our calculation (0.74 Å
´

) and another calculation (0.73 Å
´

)

[37]. All these results strongly suggest the formation of

stable H2 molecules in b-SiC in agreement with other

calculations [25, 26]. Similar behaviors of H atoms in Si

have also been reported [38, 39].

Placing three H atoms in the TC site, as shown in

Fig. 3a, increased the formation energy only slightly, to

0.29 eV, by forming a 3H-trimer with a volume expansion

of 0.7%. The existence of this relatively stable complex has

never been reported. It was noted that three H atoms in the

tetrahedron formed significant bonds with each other.

Placing three H atoms in the TS site further decreased

the formation energy to -1.29 eV by forming a stable H2

molecule plus a H–C complex at the bond-center between

Si and C. As shown in Fig. 3b, one H atom spontaneously

moved to a neighboring C atom.

Placing four H atoms in TC and TS interstitial sites was

found to be only an extension of the SiC–3H cases. Four H

atoms in the TC site stabilized into an H2 molecule plus

two H–C complexes, as shown in Fig. 4a, while four H

atoms in the TS site stabilized into an H2 molecule plus two

H–C complexes, as shown in Fig. 4b. Considering their

formation energies, we note that the H–C complexes

formed together with an H2 molecule have a lower for-

mation energy by 0.55 * 0.60 eV than that of the H–C

complex alone, presumably due to the distorted structures

around them because of the presence of the nearby H2

molecule.

In summary, it is quite clear that the H atom always

prefer to bond either with other H atoms if they are

available or with C atoms, which have higher electroneg-

ativity. Contrary to the case of He atoms, the TC site in

b-SiC could hold up to three H atoms with formation

Table 2 Formation energies (eV/defects) of H interstitials in b-SiC

No. of H atoms in TC site (eV/defects) in TS site (eV/defects)

1 0.78 0.48 (0.36a)

2 0.21 (H2) -1.10 (H2)

3 0.29 (3H Trimer) -1.29 (H2 ? H–C)

4 -0.27 (H2 ? two H–C) -1.49 (H2 ? two H–C)

a At the bond-center between Si and C in the carbon-filled TS

Fig. 3 Schematics of the b-SiC system with three H atoms (white) a
in the TC site, showing a 3H-trimer, and b in the TS site showing an

H2 molecule plus an H–C complex (C atoms: grey, Si atoms: black)
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energy of 0.29 eV, while the TS site could hold two H

atoms with formation energy of -1.10 eV.

This implies that, unlike the He atoms, H atoms may not

need to find other spacious positions other than the TC or

TS sites in b-SiC. The relatively high stability of these

trapped H atoms can limit their mobility to assemble into

bubbles. This leads to the conclusion that not H atoms but

He atoms could be the leading cause of bubble formations

in b-SiC, although H atoms can cause swelling by volume

expansion. Further study is underway on the behaviors of

He and H atoms in b-SiC with the presence of vacancies.

Conclusions

The energetics of various interstitial configurations in the

b-SiC with He and H atoms were calculated using DFT.

Only a single He interstitial is energetically feasible in

b-SiC. Therefore, He atoms have to associate with other

space-providing defects, such as vacancies or grain

boundaries, to nucleate and form bubbles.

H atom always prefer to bond either with other H atoms

or with C atoms in b-SiC. When two H atoms are available,

they always formed a stable H2 molecule.

Up to three H atoms could easily be positioned into the

TC sites in b-SiC by forming a newly identified 3H-trimer

with a formation energy of 0.29 eV. Two H atoms could

easily be positioned into the TS sites in b-SiC by forming

an H2 molecule with a negative formation energy of

-1.10 eV.

In contrast to He atoms, H atoms may not need to find

other spacious positions other than the TC or TS sites in

b-SiC. The relatively high stability of these trapped H

atoms can limit their mobility to assemble into bubbles.

This leads to the conclusion that not H atoms but He atoms

could be the leading cause of bubble formations in b-SiC.
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