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We have systematically investigated the energetics and stability of Ag atom in 3CeSiC with various
charge states using ﬁrst-principles calculations within large supercells. Up to 18 Ag-defect conﬁgurations
have been examined, including substitutionals, interstitials, and vacancy-based complexes. A general
trend is that the formation energy of Ag-defect complexes is generally lower than interstitial typed
defects. With the lowest formation energy, the conﬁguration with Ag_TSi-V3þ
C turns out to be the most
stable one. It has also been found a neutral Ag is more likely to substitute a silicon lattice site with a
nearest carbon vacancy, thus forming an AgSi-VC pair. All these data are important inputs in the next
coarser-level modeling to understand the Ag migration in and release from 3CeSiC under both thermal
and radiation conditions.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
As a promising advanced next generation ﬁssion nuclear reactor,
High Temperature Gas Reactor (HTGR) stands out over conventional nuclear reactors due to its high thermal efﬁciency and better
ability in handling safety issues. The fuel applied in this reactor is in
the form of coated spherical particles, which are known as Tristructural isotropic (TRISO) particles [1]. This type of fuel has
been studied extensively in recent years as it can effectively retain
and contain ﬁssion products (FPs) to reduce the risk of leakage and
coolant contamination [2]. An individual TRISO fuel particle is
comprised of a UO2/UC kernel, surrounded by a carbonaceous
buffer layer and subsequent isotropic layers of pyrolytic carbon,
silicon carbide (SiC), and outer pyrolytic carbon. One of the main
functions of these coating layers is to act as diffusion barriers for
radioactive ﬁssion products (FPs), thereby keeping these FPs within
the fuel particles, even under accident conditions. However, among
the four layers, silicon carbide is the most important one which has
advantages that provide both structural support and dimensional
stability and thus act as the primary diffusion barrier to prevent FPs
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release [3]. Among over 200 polytypes, cubic SiC (3CeSiC, zincblende structure) is the most stable type below 2373 K [4] which
has been widely explored in structural applications of nuclear reactors [5].
While TRISO fuel has demonstrated excellent retention of ﬁssion
products and radioisotopes, release of some ﬁssion products from
intact fuel can still be observed from experiments under conditions
similar to accident scenarios [6,7]. It has been shown in the past few
decades that 110mAg can be released in higher concentrations than
other ﬁssion products [8e10] and is able to diffuse through SiC
[11e13]. Multiple experiments [14e16] have also been conducted to
determine the existence and formation of Ag in SiC. The ﬁrst direct
evidence of Ag in a neutron irradiated SiC layer was reported by Van
Rooyen et al. [14] utilizing several characterization techniques, i.e.
scanning transmission electron microscopy (STEM). Signiﬁcant
concentrations of silver were identiﬁed in both grain boundaries
and triple junctions in SiC layer near the edge of IPyC. Moreover,
when 6HeSiC is implanted with 360 keV Agþ ions to a ﬂuence of
2  1016 Agþ cm2, voids were obtained [16] to be ﬁlled with
implanted Ag following thermal annealing in the range 1250  C
-1500  C. Similar feature to the observation in 6HeSiC is also visible
in beSiC, where Ag particles are surrounded by voids with 400 keV
Ag ion implantation at room temperature to a ﬂuence of 2  1016
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Agþ cm2 followed by annealing up to 1600  C for 60 h [17].
However, faceted voids were not observed in as-implanted samples
[17]. As suggested by the Rutherford Backscattering Spectroscopy
channeling experiments [18], Xiao et al. reported that all the
implanted Ag resided interstitially after implantation with 2.0 and
4.0 MeV Agþ ions to an average ﬂux of 1.7  1012 cm-2 s-1 at 375  C,
no substitution Ag was detected even for low-ﬂuence samples.
Despite numerous experimental investigations on Ag formation
in SiC, the basic knowledge of properties of defect associated with
Ag at the atomic level is sparsely understood. Only a recent study by
Shrader et al. [19] has revealed Ag defects formation in bulk SiC
through ﬁrst-principle calculations. They have concluded AgSi-V-C to
be the most stable defect at Si-rich limit under n-type condition.
But, their result still has its limitation in accuracy, as they have used
a relatively small simulation block containing 64 atoms for an undefected SiC. Therefore, in present study, we decided to provide a
more comprehensive and thorough insight into the stability of
defects in SiC involved with Ag impurities, together with clustering
and interactions with native defects, particularly in connection
with diffusion in SiC. This could have great signiﬁcance to serve as
both the most accurate input and primary contribution to the
exploration of general behavior of Ag in SiC. While density functional theory (DFT) [20] has emerged as the most powerful
approach in so many areas of solid-state physics to identify and
characterize impurities and defects in a number of materials, we
thus apply ab initio calculations to a larger model of pristine SiC
containing 216 atoms. Since defects can facilitate charge transfer to
their surrounding atoms, such charge transfer to and from neighboring atoms will alter potential barriers and diffusion dynamics in
the formation of stable defects [21]. Thus, charge states are also
included in this investigation.
2. Method

2.1. Computational approach
Calculations in this work were all performed using the density
function theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP) [22]. Accurate projected augmented
wave (PAW) potentials [23] were applied with valence electrons
explicitly including 4d105s1 for Ag, 3s23p2 for Si, and 2s22p2for C,
respectively. The generalized gradient approximation (GGA) as
parameterized by Perdew-Burke-Ernzerhof (PBE) was used for
exchange-correlation [24]. The model of the pristine SiC introduced
was a 3CeSiC supercell with a lattice constant of 4.36 Å, which was
composed of 3  3  3 unit cells with 216 atoms. For all the models
considered, convergence tests guided a plane wave expansion
cutoff energy of 500 eV. To sample the irreducible Brillouin Zone in
the structure to preserve the symmetry, a 4  4  4 MonkhorstPack k-points mesh was carefully chosen for convergence and accuracy. Conjugated-gradient was used to fully relax all atomic positions, cell shapes, and cell volume to achieve the minimum total
energy of the systems. The total energy was required to reach the
convergence to a small change within 1.0  105 eV/atom between
two relaxation runs, while the Hellmann-Feynman forces were
minimized until the maximum force on the ion was smaller than
0.01 eV/Å. The van der Waals interactions are described by the DFTD3 [25] throughout this study. However, despite a good structural
description including atom positions and cell parameters, the usual
errors intrinsic to the DFT-GGA exist. The calculated band gap for
SiC was strongly underestimated amounting up to 40% of the
experimental value (1.43 vs. 2.2e2.4 eV [26,27]), which is a typical
issue of the DFT “band-gap problem” [28,29]. Even though there are
a variety of approaches to achieve the band-gap correction, the
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hybrid functional has shown a great promise to alleviate the underestimation due to the moderate computational cost and robust
reliability method [28,30]. Here, the correction of the band gap has
been performed by Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [31,32], and the band gap has now been corrected to
2.295 eV, with this functional, which ﬁts well with the experimental data.
2.2. Calculation of formation energy
In order to evaluate the energetic stability of these defects, we
deﬁne the formation energy of the Ag-related defects in a charge
state q as follow [33]:

Eqf ¼ Edefect  Eperfect  mAg þ

2
X




nX mX þ q EVBM þ Ecore
 Ecore
1
0

X¼1



þ mF þ EMP ;
(1)

nX ¼ 1， one X atom is removed;
nX ¼ 0; no change in the number of X atom;
nX ¼ 1; one X atom is added;
where Edefect is the total energy of a supercell containing a defect in
charge state, q and Eperfect is the total energy of a perfect 3CeSiC
supercell, respectively. The integer nX indicates the number of
atoms of type X added to (nX < 0Þ or removed from (nX > 0Þ the
supercell to form the defects. The mX (X ¼ Si or C) is the corresponding atomic chemical potential describing exchange of particles with respective reservoir. The chemical potential of silver (mAg)
was calculated from a bulk crystal of silver. Electrons added or
removed from the supercell are exchanged with the Fermi level, mF
of the semiconductor host which is referenced to the valence-band
core
maximum, EVBM. The term (Ecore
1 -E0 ) is electronic potential shift.
The EMP is a charge correction term in periodic boundary conditions
due to the ﬁnite size of the supercell which is handled by Makov
and Payne [34].
2.3. Charge-state transition levels
Most point defects are electrically active defects, which can exist
in several different charge states, depending on the position of the
Fermi level. As the Fermi level is raised, defect-induced states
within the band gap become ﬁlled with electrons. A certain charge
state is now realized if its formation energy Eqf ðmF Þ for a given Fermi
level mF is lower than that of all other charge states. The commonly
considered defect level corresponds to the Fermi-level positions
where a transition from one charge state to another one occurs.
Technically, these levels are deﬁned as “thermodynamic transition
levels,” and they correspond to the Fermi-level positions where the
formation energies of two charge states of a defect are equal [35].
Then, the value of the Fermi energy mF where the dominating
charge state changes from q to q’ is described as
q0

0

εðq=q Þ ¼
0

q

Ef  E f
q  q0

(2)

where Eqf and Eqf are the formation energies of a defect in charge
state q0 and q, respectively, when Fermi level is at valence band
maximum (VBM). Here, we neglect the pressure- and temperaturedependent terms in the formation enthalpy of the defects. Accurate
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calculation of these levels is essential for defect identiﬁcation and
characterization.
3. Results and discussion
3.1. Chemical potential
Chemical potentials represent the energy of the reservoirs with
which atoms are being exchanged. More generally, the defect formation energy is dependent on the chemical potential of an atomic
constituent as well as electron chemical potential. Therefore, the
formation energy of a defect can depend on the chemical potential
of Si, C, and electrons. In current work, the chemical potential of
silver was calculated from its stable crystal structure (face-centered
structure) at room temperature, while C and Si were calculated
from a zinc-blende structure. For the chemical potentials of Si and C
in bulk SiC, they were derived under equilibrium constraints and
with a wide range of values for a species X (Si or C) of, Ef <mX < EX
(where Ef ¼ ESiCESiEC, is the ab initio formation energy of SiC). EX
is deﬁned as ab initio energy of bulk phase of species X, while ESiC is
ab initio energy of bulk SiC, where ESiC ¼ mSi þ mC : In Si rich limit,
the chemical potential of Si is calculated in its bulk phase (cubic Si),
and ESiC  mSi ðbulkÞ ¼ mC : In C rich limit, the chemical potential of C
is calculated in its bulk phase (graphite), and ESiC  mC ðbulkÞ ¼ mSi .
The Si and C rich cases can provide bounds on the formation energy
with respect to Si and C reservoir chemical potential ranges. For
consistency (possible comparison) with the majority of the reference literature [33,37], all defect energies reported in the current
work are for Si-rich condition in p-type reference state, in which
Fermi energy is assumed to be at the valance-band edge (mF ¼
EVBM ). The calculated chemical potential of impurity atoms and
3CeSiC are given in Table 1.
3.2. Energetics of intrinsic point defects in 3CeSiC
To study the stability of silver in 3CeSiC, we started to investigate the native point defect properties in SiC. Even though there are
plenty of comprehensive works, which have dealt with defect study
in SiC [37e40], the similar simulation carried out here is aiming for
comparison and model validation purposes. As SiC is a compound
semiconductor, there should be two different tetrahedral interstitial sites. One is tetrahedrally coordinated with four surrounding
silicon atoms and another is associated with four carbon neighbors.
They are denoted as TSi and TC, respectively. Followed by the similar
rule, possible defects such as antisites, interstitials and defect
complexes can be constructed by any combination of Si and C on
the its relative sub-lattices. Particularly, the formation energies of
ﬁfteen defects in several charge states were considered in the
current work, which are listed in Table 2. Here, we refer to formation energies in silicon-rich conditions, unless stated otherwise.
The notation of the defects is also deﬁned for simplicity, where
<100>, <110>, <111> denote the split interstitials along <100>,
Table 1
Chemical potentials for the considered impurities, Si and C in 3CeSiC (unit ¼ eV).

m

DFT (Present)

[36]

Ag
C
Si
SiC
Si (Si_rich)
C (Si_rich)
Si (C_rich)
C (C-rich)

3.2972
9.0930
5.4203
15.0612
5.7372
9.9244
6.2956
9.3660

2.95

[33]
9.20
5.44
15.08
5.44
9.65
5.89
9.20

<110>, and <111> directions, respectively. Comparing the results
from our work and other calculations from literature [19,37e39],
the energetics, as well as the stability order, agree with each other
excellently. For example, the general order of the interstitial stability as compared with Ode et al. [36] is similar. Starting from the
most stable to the least stable, the order can be listed as CeC<100>,
CeC<110>, C_TSi, and C_TC for carbon interstitials in both neutral
and 2 þ charge state; Si_TC, Si<100>, Si_TSi, and SieSi<100> for
silicon interstitials in 2 þ charge state. However, the energy order of
Si_TC and SieSi<110> in the neutral state is controversial due to the
limitations of k-point sampling and/or a supercell size [41]. Overall,
the model we used is fairly supported by the calculated results.
3.3. Stability of silver in 3CeSiC
One of the crucial quantities relevant to the evaluation of the
thermodynamic and kinetic behaviors of impurity in solid solution
is the formation energy of impurity-related defects. When an isolated silver impurity is inserted in the bulk SiC, various defects
could be formed associated with a silver atom. Some of them can be
distinguished by a carbon-like or silicon-like defects. Here, we have
investigated up to eighteen important conﬁgurations that are likely
to form in the bulk SiC. They can be classiﬁed into three categories,
including an impurity substitution, an impurity as an interstitial,
and a defect complex with a nearby vacancy. For example, in
interstitial type, Ag can be located at a tetrahedral site surrounded
by either four silicon or carbon neighbors (denoted as Ag_TSi or
Ag_TC). Split interstitials also exist when a silver atom shares a
lattice site with a host atom. These split interstitials can be either
dumbbell or crowdion oriented in <100>, <110>, and <111>. For
defect complexes, tetrahedral-vacancy conﬁgurations and
substitution-vacancy conﬁgurations are considered. In a
tetrahedral-vacancy complex, Ag is tetrahedrally coordinated
within the cage of four carbon (silicon) atoms with a vacant site
being either the nearest neighbor or the next nearest neighbor to
the same sub-lattice. However, in a substitution-vacancy complex,
one lattice site is occupied by a Ag atom with one of the nearest or
the second nearest neighbor being vacant. Since the defect conﬁgurations associated with Si are similar to C, only defect conﬁgurations with respect to silicon sub-lattice are illustrated in
Fig. 1(a)e(g).
To obtain a comprehensive study of the stability of silver in
3CeSiC, we calculated formation energy for multiple defects in
seven charged states (3-, 2-, 1-, 0, 1þ, 2þ, 3þ). For a given defect
conﬁguration, the stable structure was taken after fully relaxation
of cell parameters, ion positions, and electronic structure. Hence,
the formation energy and transition level of defects in 3CeSiC that
are resulted from different defects are both included in this section.
The defect formation energies are summarized in Table 3, where
the results from Shrader's 64-atom supercell case [19] are included
for comparison. Fig. 2(a)e(c) demonstrate the formation energies
for Ag related defects in SiC as a function of Fermi-level position
within the band gap. Note that the formation energies of charged
defects depend on the position of VBM which has been evidenced
in Eq. (1). The kinks in the curve for a given defect indicate transitions between different charge states.
3.3.1. Substitutions
Occupation of carbon or silicon site by a silver atom leads to the
substitution type of defect. In neutral state, the energetic order of a
Ag substituting Si and C indicates that Ag would be more likely to
occupy a Si site. The charge states of these substitution defects in
different ranges from Fermi level are indicated under Si-rich condition in Fig. 2(a). Both defects exhibit six charge-state transition
levels. When the Fermi level lies closer to VBM, the formation of
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Table 2
Intrinsic defect formation energy (eV) in 3CeSiC.
Defect

VC
VSi
SiC
CSi
C_TC
C_TSi
Si_TC
Si_TSi
CeC<100>
CeC<110>
CeC<111>
SieSi<100>
SieSi<110>
SieSi<111>
CSi-VC
a
b
c

3

2

Current

Current

9.61
11.57
8.68
9.28
16.50
15.29
14.19
16.09
12.75
12.35
27.01
14.72
14.18
22.73
13.39

7.78
10.06
6.76
7.43
10.36
13.55
11.66
14.00
10.88
10.59
25.08
12.94
12.11
20.85
11.62

1
Other cal.
b

8.1
9.75a,10.6b
8.1b
8.9b

11.8b

14.0b

Current
5.98
9.10
4.94
5.66
9.05
11.89
10.12
11.98
9.05
8.97
23.20
11.26
10.12
19.02
10.03

0
Other cal.
b

5.6
8.15a,9.0b
5.3b
6.1b

9.2b

10.9b

Current
4.23
8.40
3.37
4.16
11.16
10.32
8.21
10.04
7.33
7.51
21.38
9.67
8.35
17.31
8.39

1
Other cal.
a

b

4.19 ,4.1
7.63a,8.5b
3.56a,3.5b
4.03a,4.4b

6.95a,7.5b

8.75a,8.6b
7.24c

Current
2.54
6.74
1.75
3.14
9.93
9.38
13.04
6.35
5.79
6.27
19.64
8.18
7.28
15.99
7.94

2
Other cal.
a

b

2.74 ,2.8
7.58a,8.5b
3.45a,3.5b
4.9b

5.81a,6.3b

7.81a,7.5b

Current
1.02
7.69
11.29
12.37
7.88
7.53
4.58
6.55
4.46
5.11
18.12
6.91
6.32
14.35
5.25

3
Other cal.
a

b

1.73 ,2.1
9.4b
4.2b
6.2b

5.17a,5.6b

7.32a,7.5b

Current

Other cal.

1.08
7.84
2.85
20.54
6.86
7.51
2.89
5.32
4.44
5.08
17.11
2.89
5.48
12.94
5.34

Reference [19].
Reference [37].
Reference [38].

Fig. 1. Geometry of the Ag-related defect in SiC. The gray sphere denotes carbon atom, yellow stands for Si, and the red one indicates Ag. (a). Conﬁguration of a AgeSi <100>
interstitial; (b). Conﬁguration of a AgeSi <110> interstitial; (c). Conﬁguration of a AgeSi <111> interstitial; (d) Ag at the tetrahedral position surrounding by four Si atoms and a Si
vacancy (Ag_TSi-VSi); (e). Ag at the tetrahedral position surrounding by four Si atoms with a nearby C vacancy (Ag_TSi-VC); (f) A silicon substitution by Ag atom with a second nearest
neighbor Si vacancy (AgSieVSi); (g). A silicon substitution by a Ag atom with a ﬁrst nearest neighbor C vacancy (AgSi-VC). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)

silver substituting a carbon site is energetically favorable relative to
the formation of substituting a silicon site. The ﬁgure indicates that
AgC is the most stable in charge state 3 þ ranging from VBM to
1.56 eV above VBM. The transition between 3 þ and 2 þ states
locates at 1.56 eV. As silver atom is over twice larger than carbon
atom and 0.5 Å larger than Si in size [42], Ag prefers carbon site at
positive charge which presents a smaller size by removing electron
from Ag. The transition between 3 þ and 2 þ states locates at
1.56 eV, which is slightly over mid-gap. Therefore, the addition of

electron to V3þ
C causes partial occupation of the conduction band. In
Si-rich limit, the formation energy of AgSi is much lower, in which
mF is close to conduction band maximum (CBM), indicating that the
Si site is likely to be occupied by Ag. A transition between 2- and 3of this defect occurs at 1.045 eV below CBM. Different from the
characteristics of AgC, AgSi stably exists at Fermi-level positions
near CBM with a negative charge of 3-. Opposite explanation to
aforementioned AgC is applicable for the existence of AgSi in which
larger Ag prefers Si site with negative charge. When Fermi level
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Table 3
Formation energy (eV) of Ag-related defects in SiC at Si-rich limit under p-type doping condition in seven charge states.
Defect

3
Current

AgC
AgSi
Ag_TC
Ag_TSi
AgeC<100>
AgeC<110>
AgeC<111>
AgeSi<100>
AgeSi<110>
AgeSi<111>
AgSi-VC
AgSieVSi
AgC-VC
AgCeVSi
Ag_TC-VC
Ag_TC-VSi
Ag_TSi-VC
Ag_TSi-VSi

12.98
10.04
15.89
16.77
16.77
15.26
21.69
15.89
15.57
15.72
9.33
12.87
13.87
9.33
12.84
10.04
12.63
20.23

2
[19]
10.87

17.16

Current
11.01
8.82
13.82
14.75
14.75
13.32
19.75
13.82
13.63
13.77
7.52
11.17
11.89
7.52
10.88
8.80
10.66
18.87

1
[19]
8.9

15.36

Current
9.07
7.81
11.81
12.79
12.79
11.60
17.86
11.81
11.90
12.04
5.97
9.66
9.99
5.97
9.00
7.79
8.84
17.66

0
[19]
7.89

5.85
14.19
5.85

positioned above EVþ1.285 eV, Ag prefers to occupy the Si site
rather than the C site. Beyond this range, Ag is favorable on the C
site.
3.3.2. Interstitials
The Ag interstitials in 3CeSiC have been thoroughly investigated
as well. Technically, there are eight conﬁgurations investigated in
this work as aforementioned, but only six out of eight are mechanically stable after fully relaxation, including Ag_TC, Ag_TSi,
AgeC<110>, AgeC<100>, AgeSi<110>, and AgeSi<111>. Several
structures have also observed an undistinguishable characteristic
for a certain Fermi-level range as illustrated in Fig. 2(b). In general,
the formation energy decreases with increasing the positive charge
states because energy is gained by promoting electrons from the
defect to the Fermi level if the defect is below the Fermi level.
Likewise, if Fermi level lies higher, the formation energy also decreases with decreasing the negatively charged states, as the energy
is gained by the promoting electrons from the Fermi level to the
defect. The neutral state of all the defects shows the highest formation energy as compared with other stable charge states in
different Fermi level positions. For most interstitials, the defect in
charge state 1 þ holds the longest stability window of up to 1.5 eV.
Ag_TC is fairly low in formation energy which indicates the defect
concentration of this type of interstitial in bulk is high when the
system is neutral. At the valence band maximum, Ag and C are most
likely to form a split interstitial oriented in the <110> direction in
the 3 þ charge state with the lowest formation energy among all
the interstitials. This defect could exist from charge state 3 þ to 3in various Fermi level positions. Its (2-/3-) occupation level locates
at EVþ1.94 eV, while (3þ/2þ) occupation level is almost degenerated with VB edge. In p-type condition, the AgeSi<111> split
interstitial is less stable than AgeC<110>. Varying the electronic
chemical potential, it exists only in the charge states 3-, 2-,1-, 0, and
2 þ in 3CeSiC. The destabilization of charge state 1 þ indicates an
attractive effective electron-electron interaction and ionization
level 1þ/0 appears below 2þ/1þ, which is known as the negative-U
effect [43,44]. This effect in the AgeSi<111> mainly results from an
enhanced electron-phonon coupling found for AgeSi<111>2þ and
AgeSi<111>0. From 1þ/0 and 2þ/1 þ transition levels, we ﬁnd U ¼
εð1 þ =0Þ  εð2 þ =1 þ Þ ¼  1:29 eV, which means the 1 þ charge
state is always higher in energy than the 2 þ and neutral states.
Therefore, the negative-U behavior amounts to 1.29 eV
(AgeSi<111>1þ).

1

2

3

Current

[19]

Current

[19]

Current

[19]

Current

[19]

7.23
7.03
9.89
10.92
10.92
9.89
16.05
9.89
10.51
9.88
5.55
8.97
8.16
5.55
7.20
6.99
7.12
16.68

7.39
6.60
10.49
11.38

5.51
6.48
8.22
9.31
9.31
8.26
14.44
8.22
9.18
9.53
5.28
8.50
6.56
5.28
5.49
6.48
5.45
15.90

5.71
6.31
8.78
9.81

3.87
6.15
8.09
9.02
9.02
7.88
13.60
8.09
8.70
7.89
5.14
8.25
5.38
5.14
3.87
6.15
3.86
15.30

4.62

2.33
5.98
8.04
8.95
8.85
7.67
12.93
8.04
8.40
8.71
5.11
8.16
4.15
5.11
2.33
5.98
2.32
14.89

4.01

10.91
5.32
13.53
5.32

9.79
5.3
7.1
5.3

9.68

6.41

6.14

3.3.3. Defect clusters
Since a single Ag atom could be an acceptor and a VC is a donor
in SiC, we would expect them to attract and form more complex
conﬁgurations. We have also investigated the complexes of AgSi(C)
and Ag_TSi(TC) with a carbon or silicon vacancy. In all charge states,
a combination of a Ag atom at a tetrahedral site which is surrounded by four Si atoms (TSi) associated with a ﬁrst nearest C
vacancy (Ag_TSi-VC) in charge 3 þ was observed to be the most
stable with a formation energy of 2.32 eV. In the neutral state, it is
noticeable that the lowest value of formation energy is of 5.55 eV
for a defect conﬁguration shown in Fig. 1(g), i.e., a Si atom
substituted by an Ag coupled with a nearest neighbor C vacancy
(AgSi-VC). Another defect complex of a Ag in carbon sub-lattice with
a nearby Si vacancy (denoted as AgCeVSi) has shown an identical
energetic level in all relevant charge states. Actually, the two
complexes do not possess their initial conﬁgurations after fully
relaxation. As a result, the Ag atom decays to the nearest neighbor
vacancy. The ﬁnal conﬁgurations for these two defects are eventually geometrically identical, thus resulting in the same formation
energies in all charge states. Therefore, we take AgSi-VC to be
representative of the most stable defect complexes as the Ag is
closer to a Si site. Comparing the formation energies of AgSi
(7.03 eV), C vacancy (4.23 eV) and AgSi-VC (5.55 eV), it can be
concluded that there is a strong tendency for AgSi and C vacancy to
form AgSi-VC when both defects exist. Even after very hightemperature annealing, VC can be trapped by AgSi as the energy
barrier for an isolated carbon vacancy to diffuse is over 4 eV [45].
Coward et al. [17] has revealed the presence of voids around Ag
particles in their annealed samples which could be associated with
the low formation energy of the vacancy-substitution defect complex we explored here. Since void formation was not observed in
the as-implanted samples in their experiments, a possibility of void
mediated diffusion of the ﬁssion product transport mechanism was
suggested. Thus, this strongly bounded complex could also be
potentially important for the analysis of vacancy mediated diffusion. Moreover, among all the available conﬁgurations, a combination of a Ag_TC associated with a ﬁrst nearest Si vacancy (Ag_TCVSi) turns out to be also a relatively low-energy defect structure
with a formation energy of 6.99 eV in the neutral state (Si-rich
condition). Compared to other defects, this defect complex is only
less stable than AgSi-VC, and may also play an important role in the
diffusion landscape of silver in SiC.
Nevertheless, due to the wide band-gap of SiC, the formation
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VBM. This means that the defect complex can be stable as donor
near VBM indicating that it can play an important role as
compensating center in p-type SiC. However, in n-type SiC, in
which mF is close to CBM, the formation of Ag_TSi-VC is electrically
inactive. Even though Ag_TC-VC is almost identical to Ag_TSi-VC in
positive charge states as illustrated in Fig. 2(c), it is still distinguishable at certain Fermi level between mid-gap and conduction
band minimum. In neutral and negative charge states, Ag can then
be stably located at TC site which demonstrates a weaker binding
with carbon vacancy as compared with Ag_TSi-VC with a higher
energy level. Besides, at CBM, the defect complex AgSi-VC is much
more energetically favorable as compared with other clusters in ntype condition. In this complex, we also found a long stable window
in a charge state 1- for the AgSi-VC complex. Due to the ionicity of
SiC [46], the substitutional defect when Ag is on Si site is more
energetic favorable in negative charge states in which it compensates the missing electrons from surrounding carbon atoms as
illustrated in Fig. 2(a), showing a longest window in 3- state. When
a nearest carbon atom of this defect is removed from its lattice site,
the supply to the missing electrons is mitigated, thus, shortening
the existence of 3- state. The (1-/2-) transition level occurs at
1.56 eV above the VBM, and the 0/1- level is at 0.43 eV. In comparison with the result from Shrader's work, the calculated ionization level 0/1- agrees to within 0.2 eV. However, there are also
some disagreements between our results and Shrader's calculations, especially for AgSieVSi. The formation energies of this defect
complex from their calculations lie much higher in both neutral and
negative charge states than the values we obtained in a 216-atom
cell. Overall, the results conﬁrm that the defect complexes associated with vacancies are much more stable than the interstitialtyped defects.
4. Conclusion
First-principles simulations were carried out to determine the
formation energies of a number of intrinsic point defects and Agrelated defects at different charge states in 3CeSiC. We considered the chemical environments of Si-rich condition and charged or
neutral states. We have found that Ag preferably substitutes a
carbon lattice site in a charge state 3þ, rather than a silicon site. The
Ag impurity atom can also form thermally stable complexes with a
carbon or a silicon vacancy. Among them, the Ag_TSi-V3þ
C is the
most stable one. The AgSi-VC also turns out to be stable in its neutral
state. However, the formation of Ag-related interstitial typed defects is less likely to be energetically stable as their formation energies are much higher than other defect types. Even though the
interstitial typed defects are energetically unfavorable, they are also
important, as abundant point defects including vacancies and interstitials, which are inevitably introduced by radiation. Consequently, the formation energies of various defects and their
complexes from current DFT calculations could provide key parameters for understanding the behavior of Ag under both thermal
and irradiation conditions in 3CeSiC crystal.
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