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h i g h l i g h t s  A new Xe-SiC potential is developed  Swelling is mostly due to intrinsic point defects contributions  Swelling can be estimated from the sum of individual defect relaxation volumes  Strain reduction during annealing comes from dynamic recombination of defects



a r t i c l e i n f o



a b s t r a c t



Article history: Received 6 September 2018 Received in revised form 28 September 2018 Accepted 15 October 2018 Available online 19 October 2018



Atomistic calculations using a newly developed Xe-SiC interatomic potential are carried out to determine the contributions of point defects to the strain build up in Xe implanted 4H-SiC. Relaxation volumes for individual point defects are calculated, and analysed in comparison to the swelling determined in a simulation including a large homogeneous distribution of these defects. These investigations conﬁrm the negligible inﬂuence of the implanted gas, with the swelling mostly originating from intrinsic point defects generated by implantation. Using experimental swelling data, possible point defects distributions are determined as a function of the dose. Strain reduction during annealing simulations is shown to be due to dynamic recombination of point defects, with an estimated activation energy in excellent agreement with experiments. © 2018 Elsevier B.V. All rights reserved.
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1. Introduction Silicon carbide SiC is an appealing material for various applications due to its excellent properties [1,2]. In particular, SiC is a very strong and hard material, and can tolerate harsh environmental conditions such as high temperature or corrosion. SiC is also characterized by a high resistance to irradiation, with a good potential for various applications in a nuclear context. For instance, SiC is used in cladding barriers for fuel, with the aim of retaining ﬁssion products such as He or Xe. In future fusion reactors, SiC is envisioned for use as a structural material [3,4]. A critical and general issue associated with fuel cladding is the accumulation of damage due to continuous irradiation, that ultimately leads to degradation of the material. In the case of SiC, irradiation at low temperature, i.e. lower than 250  C, leads to amorphization [5e7]. At higher temperatures, amorphization is
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prevented by dynamic recovery. However, damage accumulation still occurs, and produces a strain build up in the irradiated regions leading to an observable swelling. Since SiC is inherently brittle, such strains can lead to cracks, what is a dramatic issue for a conﬁning material. A signiﬁcant strain relaxation can be obtained when high temperature annealing experiments are carried out. Previous investigations of He-implanted SiC suggest that this recovery mechanism is mainly related to point defects migration [8,9]. Recently, Jiang et al. have investigated the properties of 4H-SiC monocrystals following the implantation of heavy noble gas atoms Xe and Ar [10]. In particular they measured by X-ray diffraction the swelling due to the damage in the implanted layer as a function of the ﬂuence. The authors concluded that the lattice strain build up is mainly associated with interstitial defects created during implantation, while the noble gas atoms contribution is negligible. In order to conﬁrm this point, it would be necessary to determine the contribution of all defects created by irradiation. Such a feat is difﬁcult to achieve experimentally, but atomistic simulations offer a
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possible alternative. To my knowledge, little theoretical information is available regarding the strain build up associated to single point defects in silicon carbide associated to noble gas implantation. Furthermore, potential contributions to swelling from xenon atoms, in interaction or not with defects, are not documented. To ﬁll this gap, atomistic simulations have been carried out and reported in the present paper. The next section describes the development of the Xe-Si-C interatomic potential which is used in these simulations. Section 3 summarizes results on the computed relaxation volume for single point defects. In section 4 are described molecular dynamics calculations of large systems encompassing variable amount of defects, compared to experiments in Ref. [10]. The last section focus on the investigation of dynamic recovery during annealing simulations.



2. Xe-Si-C potential There are several available interatomic potentials for silicon carbide (to cite a few [11e14]). Among these, the one proposed by Erhart and Albe is interesting since it accurately reproduces elastic properties [13], which is a critical aspect for lattice deformation. To describe Xe in SiC, suitable interatomic potential functions between Xe and Si/C are also required. Unfortunately, it seems that none is available in the literature. The ﬁrst task is then to develop potential functions for Xe-Si and Xe-C interactions. The Buckingham pair potential is used as a starting function:



VðrÞ ¼ A expðr=rÞ 



C r6



(1)



r being the atomic separation. The three parameters A, r, and C are ﬁtted to reproduce ﬁrst-principles calculations of excess energies associated with the insertion of a xenon atom in different locations (Table 1). I ﬁnd that the second term in Eq. (1) is negligible and has no inﬂuence on the ﬁtting process, and C is set to 0 for both Xe-C and Xe-Si functions. The best set of parameters is reported in Table 2. In a second step, the pair functions are modiﬁed at short separations to match a Ziegler-Biersack-Littmark (ZBL) pair potential [17]. The latter is more meaningful in this regime which could be useful for future uses of this potential, to describe highly energetic Xe atoms in interaction with SiC for instance. The two potentials are



Table 1 Calculated energies (in eV) required to insert a single Xe atom into various defect conﬁgurations in cubic silicon carbide: in interstitial positions (tetrahedral Si, C, and bond-centered sites), in mono-vacancies (Si, C), in a carbon vacancy next to a carbon antisite, in di-vacancies (Si-C, Si-Si and C-C), in tri-vacancies (Si-C-Si and C-Si-C), and in a quadri-vacancy (compact squared structure).* indicate conﬁgurations used to ﬁt the XeC and Xe-Si potential functions. The values obtained in this work (4th column) are compared to available density functional theory results (2nd and 3rd columns). Conf.



[15]



[16]



This work



I (TSi) I (TC) I(BC) VSi* VC* VC þ CSi* VCVSi* VSiVSi* VCVC* VSiVCVSi VCVSiVC VCVSiVCVSi



25.8 25.7 18.1e18.5 6.5 9.2 7.9 4.6 4.5 7.9 2.4 5.6 3.0



24.00 23.21 18.49 6.41 8.15



20.55 18.41 19.17 5.42 8.65 7.63 2.71 6.43 9.15 1.87 1.81 2.75



4.33



Table 2 Fitted parameters for the Xe-C and Xe-Si Buckingham pair functions, with the last parameter C ¼ 0 in eq. (1).



Xe-C Xe-Si



A (eV)



r (Å)



18030 8935



0.2468 0.2589



linked by a 5th order polynomial, in the range 1.7e2.05 Å for Xe-Si, and 2.3e2.6 Å for Xe-C, allowing for continuous ﬁrst and second derivatives. The generated functions are then tabulated. Finally, the Xe-Xe interaction is described by the Hartree-FockDispersion HFD-B2 potential as proposed by Dham et al. [18]:



VðrÞ ¼ εV  ðrÞ



(2)



2   X c2jþ6 V  ðrÞ ¼ A exp  a r þ b r 2  FðrÞ r 2jþ6 j¼0



(3)



with



" FðxÞ ¼ exp  ¼ 1;
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