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A B S T R A C T

The lattice diffusion of silver with various charge states in cubic silicon carbide has been investigated by means
of high-fidelity spin-polarized density functional theory calculations. The migration energy barrier of the Ag
interstitial diffusion is 1.09 eV and 1.11 eV for neutral and = +q e1 charge state, respectively, close to the ac-
tivation energy of Ag diffusion measured in the German HTR fuel program. A general trend is that the migration
energy barrier reduces with respect to the increase of charge on Ag, which is much less than the increment in the
oxidation energy, suggesting that the lattice diffusion of silver prefers constant neutral state without redox in
transition state. Our results indicate a scenario that once Ag is deposited to interstitials via the kickout me-
chanism, it will highly likely perform lattice diffusion across the SiC layer leading to fast release of Ag in
Tristructural-Isotropic fuel induced by irradiation.

1. Introduction

As one of the most important compound semiconductors, silicon
carbide (SiC) has shown exceptional properties such as wide bandgap,
high hardness and Young’s modulus, high thermal conductivity (better
than Cu), good thermal shock resistance, low thermal expansion and
good chemical inertness [1]. SiC is widely used in nuclear engineering
as structural materials and micro-electronics as semiconductors. Silver
(Ag) is an important interconnect material for power electronics
packaging, with advantages of high thermal and electrical con-
ductivities, and lead-free composition [2]. The lattice diffusion of silver
might cause the current leakage, aging and degradation of the mate-
rials, and malfunction of the micro-electronics. Besides electronics, SiC
is also a stiff structural material. Due to its ultra-high stiffness, SiC is a
key component material in Tristructural-Isotropic (TRISO)-coated fuel,
which is a type of micro-fuel particle that is to be used in the next
generation of Very High Temperature Reactors [3]. TRISO fuel is de-
signed to contain fission products, the main sources of radiation, within
the coated particle fuels using silicon carbide as a diffusion barrier [4].
Therefore, the knowledge of the diffusion behaviors of fission products
in SiC is the key to design TRISO and retain the high temperature gas-
cooled reactors functionality which have advantages over conventional

reactors including high efficiency and safety. The silicon carbide layer
has received particular attention because it is considered to be a pri-
mary diffusion barrier against the diffusion of fission products from the
fuel to the reactor coolant, in addition to the structural stability and
integrity of TRISO. Studies have shown that silver m

110 Ag can appar-
ently diffuse through silicon carbide and be released through intact SiC
[5–8,7,9,10]. m

110 Ag is a highly radioactive isotope with half-life of
253 days, produced by neutron captivation by 109Ag, a stable isotope of
low fission yield, of which only 0.1% is converted. Because m

110 Ag is a
strong γ -ray emitter, this unprecedented release raises potential safety
concerns of TRISO during maintenance activities, and contributes to
restriction on higher operating temperature and associated increased
fuel efficiency of the new generation of reactors [11].

Extensive studies have aimed to address this problem of m
110 Ag re-

lease without convincing conclusions. For convenience, the m
110 Ag will

further be referred to as just Ag unless specified. Some authors have
attributed this phenomenon to the presence of excess silicon [6], che-
mical degradation of SiC [12,9], nanopores, [8,10,13], the existence of
long columnar grains, formation of nanocracks [6,10,14], grain
boundaries [15,16,7,17–20], nodule transport assisted by Palladium
[21,22], and reaction-wetting process [23]. Shrader et. al. investigated
the Ag diffusion in cubic silicon carbide using Density Functional
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Theory (DFT) calculations [24]. They reported that the impurity state
with the lowest activation energy for lattice diffusion is found to be the
Ag interstitial, with an effective activation energy of 7.88 eV. They
concluded that the Ag lattice diffusion is very slow and is not able to
account for the relatively fast diffusion seen in integral release mea-
surements on poly-crystalline SiC. Numerical theoretical studies then
focus on the diffusion of Ag along the grain boundaries [25–27,11], or
surface diffusion [14]. However, long-term annealing studies of ion
implanted silver in SiC showed no evidence for silver migration along
grain boundaries [23]. A recent study [28] contradict the grain
boundary diffusion mechanism for Ag release from SiC fabricated by
fluidized-bed chemical vapor deposition (FBCVD) as the long held as-
sumption. Post irradiation tests of UCO kerneled TRISO coated particles
from the US advanced gas reactor experiments provided more insight
on fission product distributions through advanced electron microscopy
and micro-analytical work. These examinations revealed the strong
presence of Ag, amongst other fission products, at grain boundaries
with precipitates of Ag in only two cases of over 700 areas studied
[29–32]. Several recent experimental investigations do not support the
grain boundary diffusion mechanism [33,34]. Additionally, van Rooyen
et al. [35] hypothesized that the Ag-transport mechanism is likely more
complex and may be a combination of several mechanisms.

The lattice diffusion of Ag is critical in discovering the diffusion
mechanism in 3C-SiC, because it always serves as a starting point and
reference for discussion of other mechanisms, including grain
boundary, nanocracks, nanopores, and surface mechanisms. The lattice
diffusion would dominate the diffusion process at the large grain sizes
and high temperatures (> 1600 °C) [36]. In addition, the influence of
the charge status to the migration energy barrier of Ag is still unknown.
Therefore, it is necessary to revisit this important issue and set a rigid
and reliable reference for any further exploration of the silver release.

The goal of this paper is to re-assess the lattice diffusion of Ag in 3C-
SiC single crystal. We focus on the Ag interstitial diffusion mechanism
since it has been shown that intrinsic diffusion of the Ag interstitials is
faster than substitutional diffusion [24]. We carried out high accurate
spin-polarized DFT calculations at GGA-PBEsol level in a large simu-
lation cell (217 atoms) to ensure the accuracy is within 0.02 eV/cell. As
a prior effort, we have investigated the formation energies of the for-
mation energies of point defects including Ag interstitials [37]. In this
study, the diffusion path of the Ag interstitial diffusion was firstly in-
vestigated. Then we studied the minimum energy pathways of the Ag
diffusion with different charge states. We found a substantial (about
0.19 eV) higher diffusion barrier than previous reported. Our results of
the Ag lattice diffusion barriers might serve a new standard and solid
ground in searching for the mechanisms and solutions of the un-
precedented Ag release in TRISO fuel.

The remainder of the paper is organized as follows. Section 2 pre-
sents the computational method, including the computational details of
DFT calculations and the Nudged Elastic Band (NEB) calculations. The
results and analysis are in Section 3, followed by conclusions in Section
4.

2. Density functional theory calculations

The conventional unit cell contains eight atoms (four silicon and
four carbon atoms). A single Ag atom has a relatively large atom radius
of 2.11Å, referring to that of carbon atom (0.74Å) and Si atoms
(1.14Å). To reduce the artificial interactions between images and their
long range elastic fields induced by interstitial Ag, we used a × ×3 3 3
super-cell containing 217 atoms, which consists of 108 silicon and 108
carbon atoms with one silver atom as an interstitial. Our previous ef-
forts illustrate that such a configuration is sufficient for point defect
investigation [37].

The total energies of the system and forces on each atoms are
characterized via first-principles calculations within the framework of
DFT. All DFT calculations were carried out with the Vienna Ab-initio

Simulation Package (VASP) [38,39] which is based on the Kohn-Sham
Density Functional Theory (KS-DFT) [40,41] with the generalized
gradient approximations of the exchange-correlation functions [42] as
parameterized by Perdew, Burke and Ernzerhof (PBE) revised for solids
(PBEsol) [43]. The electrons explicitly included in the calculations are
the s p s p s d2 2 , 3 3 , 5 42 2 2 2 1 10 electrons for carbon, silicon, and silver
atoms, respectively. The core electrons are replaced by the projector
augmented wave (PAW) and pseudo-potential approach [44,45]. A
plane-wave cutoff of 520 eV is used in the geometry relaxation to re-
duce Pulay stress. For all other calculations, we used a plane-wave
cutoff of 400 eV with accurate and dense k-mesh. The irreducible
Brillouin Zone was sampled with a Gamma-centered × ×3 3 3k-mesh
for all the calculations. The calculations are performed at zero tem-
perature. The criterion to stop the relaxation of the electronic degrees of
freedom is set by total energy change to be smaller than −10 5 eV. The
optimized atomic geometry was achieved through minimizing Hell-
mann-Feynman forces acting on each atom until the maximum forces
on the ions were smaller than 0.01 eV/Å.

The Ag interstitial formation energy are computed using a super-cell
formalism with Freysoldt, Neugebauer and Van de Walle (FNV) scheme
[46]. In general, for a defect or impurity X in a charge state q, its for-
mation energy E X( )f q is computed by [47]

∑
= −

= − + + +

E X E E X E q

n ν q E E E

( , ) ( ) (

0) Δ ( ) ,

f q
F

tot q
bulk
tot

i
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where E X( )tot q is the total energy of the super-cell containing the defect
X in the charge state =q E q, ( 0)bulk

tot denotes the total energy of the
pristine bulk super-cell which is neutral and free of any defects, nΔ i
represents the number of atoms of species i added to ( nΔ i >0) or re-
moved from ( nΔ i <0) the super-cell as a result of the defect formation,
and νi corresponds to the chemical potential of element species i. When
a silver atom is added to the system, the associated electrons are also
added to the system and contribute to the formation energy. Such a
contribution is described by the chemical potential of electrons, known
as the Fermi level EF at zero temperature. Here, EF of a semiconductor
is treated as an independent variable that can take any value within the
bandgap. It is worth noting that EF is measured with respect to EVBM ,
the energy of valence band maximum (VBM) of the bulk material. The
correction term Ecorr counts the image charge interaction and the po-
tential alignment between the perfect and defected structures as for-
mulated by FNV scheme [46].

We used the climbing image nudged elastic band (CI-NEB) method
[48] to compute the diffusion pathways and the corresponding
minimum energy path. To calculate the migration energy barrier, we
first do a full relaxation of the initial configuration so that all degrees of
freedoms, both the lattice atoms and the lattice vectors are allowed to
move during the relaxation. After the geometry relaxation, the residue
stresses within the simulation box are small, less than 0.1 GPa. Then we
only relax the atoms’ positions of TSi (tetrahedral position surrounded
by four Si atoms) configurations while keeping the lattice vector the
same as that of the relaxed TC (tetrahedral position surrounded by four
C atoms) configurations. After the geometry relaxation of the both in-
itial and final configurations, we perform CI-NEB calculations. Typi-
cally, 10 images, including initial and final states, were used in the CI-
NEB calculations for accurate modeling.

3. Results and analysis

3.1. Atomic structure

The single crystalline 3C-SiC has a cubic crystal structure (Zinc
Blende) with space group number of 216 and group symmetry

−T F m43d
2 . Our results of the lattice constants is =a 4.38 Å, agreeing

excellently with experimental data ( =a 4.36 Å) [49] and previous DFT
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calculation of =a 4.37 Å[50]. The bond length of C-Si bond is 1.888Å.
Besides the PBEsol exchange-correlation functions, we have tested

the PBE-D3 calculations [51], which give the lattice constant of 4.38Å,
and atomic volume of 10.50Å3, agreeing well with the PBEsol results.
The vdW-DFq study [52] also gives similar results.

When a silver atom becomes an interstitial in the 3C-SiC crystal
lattice, there are quite a few possible positions that the silver atom can
be allocated. Our previous study shows that the two positions of tet-
rahedron sites, namely TC and TSi have the two lowest formation en-
ergies of interstitials, which is 8.70 and 9.80 eV, respectively. These two
positions are depicted in the Fig. 1. Therefore, the possible lattice dif-
fusion paths of the interstitial silver are along these tetrahedron sites.
Among them, the diffusion path along the successive TC-TSi-TC is the
most possible lattice diffusion path. To have a better view of this
TC-TSi-TC diffusion path, we rotate the coordinate system so that the x
and y axis is along the [101] and [010] direction, respectively, as
shown in Fig. 1. We only denote the diffusion along the x axis here for
convenience, the diffusion path of this TC-TSi-TC is three-dimensional,
and the trace does not need to be straight line. The diffusion paths are a
collection of all possible segments along 〈101〉 directions.

This investigation focus on the migration energy barrier of the lat-
tice diffusion of Ag along the diffusion path ofTC-TSi-TC, because it is the
most possible and fastest diffusion path of an interstitial Ag atom. We
have considered the diffusion of a neutral Ag atom first, followed by the
influence of the charge states on the diffusion.

3.2. Migration energy barrier of a neutral Ag atom

The minimum energy pathways of a neutral Ag diffusion in the bulk
3C-SiC along the pathways ofTC-TSi-TC are shown in Fig. 2. The diffusion
is the hop segments along 〈101〉 directions. The length of each segment
is 2.33Å. The initial state (reaction coordinate at 0Å) is the config-
uration that a neutral Ag atom in the TC site. The whole minimum en-
ergy pathway of TC-TSi-TC has two segments TC-TSi and TSi-TC which are
individually obtained through the Climbing-Image nudged elastic band
method.

The middle state (the reaction coordinate at 2.33Å) is the config-
uration that the neutral Ag atom in the TSi site that is the nearest tet-
rahedra (T) site neighbor to the initial state. The middle state TSi has a
higher potential energy (1.066 eV) than the initial state of TC. The final
state (the reaction coordination at 4.66Å) is the TC site that is the
nearest T site neighbor to the middle state. The potential energy at the
initial state is set to 0. Then the migration energy barrier is 1.0819 eV,
and the middle state energy is 1.066 eV. The whole system is neutral
with zero net charge.

We also examined the influence of the exchange-correlation

functionals on the calculations of the migration energy barriers for sake
of our quantitative investigations. Our results from PBE-D3 calculations
are 1.061 and 1.033 eV for the migration energy barrier and the TSi site
potential energy, respectively, which agrees well with the PBEsol cal-
culations, as illustrated in Fig. 2. The largest difference is only 0.033 eV,
which could be regarded as the precision of the migration energy bar-
rier in this investigation.

Our result of the migration energy barrier of 1.082 eV for the neu-
tral Ag interstitial lattice diffusion is 0.192 eV higher than previous DFT
investigations [24], which used a relatively smaller super-cell
( × ×2 2 2) with 64+ 1 atoms. Our results suggest that the smaller
super-cell of ( × ×2 2 2) is not capable to predict the migration energy
barrier of lattice diffusion of Ag in 3C-SiC, and a larger super-cell at
least ( × ×3 3 3) is required for quantitative investigation. In addition,
we have explicitly included non-local van der Waals interactions in DFT
calculations which were missing in the previous studies. Our more ac-
curate results set a rigorous ground and reference for further in-
vestigation of the other diffusion mechanisms of Ag release in TRISO
fuel.

3.3. Charge effect

The charge status of Ag during the lattice diffusion in 3C-SiC is still
an open question. To shed a light on this issue, we study the diffusion
behaviors with different charge status. Explicitly, we investigate the 5
different charge states ranged from 0 to +4 for Ag atoms/ions. The
negatively charged states are not considered because they are unlikely
to happen, as the formation energy becomes larger with the negative
charges.

The minimum energy pathways of the charged Ag ions diffusion in
the bulk 3C-SiC along the pathways of TC-TSi-TC are depicted in Fig. 3,
compared with that of the neutral Ag atoms. We have examined the
system with spin-polarized DFT calculations in addition to the classical
non spin-polarized DFT calculations. The magnetic moments of all the
configurations of Ag interstitial in this study are zero, including their
transition states. The charge state has no effect on the magnetic mo-
ments. Our results show that the charge state of Ag affects the minimum
energy pathway profiles. It is of great interest to note that both the
diffusion energy barriers and the positions of the barriers are influenced
by the charge state. The energy barriers, however, are less prone to the
charge states. The maximum diffusion barrier energy of 1.11 eV is
presented when Ag has +1e charge.

For convenience, we list the migration energy barrier data in the
Table 1, along with the relative formation energy of the interstitials TSi

Fig. 1. Geometry and diffusion path. The 3C-SiC lattice and the geometry of the
minimum energy pathways of the Ag diffusion in the bulk 3C-SiC via inter-
stitials along a “zigzag” path of TC-TSi-TC . The small yell ball denotes carbon
atoms, medium water-blue balls denotes Si atoms, large silver balls denotes Ag
atoms; dotted (dashed) circles denotes the possible TC (TSi) site.

Fig. 2. Exchange-Correlation functional effect. The minimum energy pathways
of the Ag diffusion in the bulk 3C-SiC along the pathways from a 4-Carbon
atoms formed tetrahedron site (TC) to the nearest TC site through the nearest 4-
Silicon atoms formed tetrahedron site (TSi), predicted using different exchange
correlation functionals.
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to TC , and the width w of the local minimum of the TSi configurations in
the minimum energy pathway profiles illustrated in Fig. 3. This para-
meter w quantify the migration path profile by measuring the width
between the local minimums along the diffusion path. Accompanied
with the depth of the local minimum, it could be useful to obtain the
vibration frequencies during the diffusion. The detailed discussion and
the comparison with the experiments are presented in the following
subsections.

Besides the diffusion energy barrier, the prominent difference is the
relative formation energy of the TSi configuration in the minimum en-
ergy pathway profiles for different charge states. The relative formation
energy (E f ) is defined as the energy difference between the two tetra-
hedron interstitial configurations TSi and TC, as

= −E q E T q E T q( ) ( ( )) ( ( ))f f
Si

f
C . The variation of the E f with respect to

the charge state is summarized in Table 1. The neutral state is corre-
sponding to =E 1.0666f eV. The maximum value of 1.13 eV appears at
the charge state of +1e. Beyond that E f decreases with an increment of
the charge. This is quite reasonable because in general the formation
energy of a defect in a semiconductor dependents on the Fermi energy
of the system which depends on many factors including introduction of
defects and charges [24]. Despite these variations, the diffusion energy
barrier is quite similar. The diffusion energy barriers are insensitive to
the charge state of the Ag in lattice diffusion via interstitials.

Furthermore, we observed that the width of the potential well w
around the local minimum of TSi configuration varies with the charge
state in the minimum energy pathway profiles. The width of the po-
tential well as a function of the charge state is listed in Table 1. The w
monotonically increases with respect to an increase of charge. When the
charge reaches +4e, the w shows a saturation which is only 0.01Å
increment. Our results shows that the over charged Ag ions are more
stable in the 3C-SiC.

It is worth noting that we have checked the charge localization and

potential alignment using FNV scheme [46]. The defect Ag is shifted to
the origin (0,0,0) of the super-cell. The potentials were averaged over
the xy plane (along z direction). The potentials as a function of position
z are illustrated in Fig. 4 for Ag interstitials at TC site with = +q e4 . The
static dielectric constant is 6.52 [53]. The length of the cell is 13.086Å.
The defect-induced potential is well reproduced by the long-range
model. The presence of the plateau evidences that the model has cor-
rectly reproduced the long-range tail of the defect potential. The charge
is well located on the Ag site.

3.4. Diffusion energy barrier

It is generally believed that the diffusion of Ag in 3C-SiC crystalline
is the Fickian diffusion[54,11,28]. For the convenience of comparison
between various diffusion mechanisms, most studies report the data in
form of two-parameter Arrhenius equations. The defect migration and
diffusion in general obeys the Arrhenius behaviors, described by the
two-parameter Arrhenius equation as = −D D exp( )E

k T0
a

B
, where Ea is the

activation energy, D0 is a temperature independent pre-factor, kB is the
Boltzmann constant, T is the temperature. The latest review and com-
parison of the various diffusion mechanisms with the corresponding D0
and Ea can be found in Ref. [11,55].

We report our results of the diffusion energy barrier, defined by the
activation energy Ea, as a function of the charge state of interstitial Ag
in 3C-SiC in line with the literature. As displayed in Fig. 5, the charge
state influences the diffusion energy barrier Ea. For the ground state
that is neutral, the activation energy is =E 1.09a

m eV. The maximum of
the activation energy =E 1.11a

m eV is located at = +q e1 , which is the
most common oxidation charge state of Ag ions, as the out most valence
electrons are d s4 510 1. Whenfro one electron is removed m one Ag atom,
the out-most electrons are d4 10, a full-filled shell, which is a stable
charge state. Any further charged states will make the inner electronic
shell unfilled, thus decrease the activation energy. For = +q e4 , the
activation energy is 0.894 eV, which is 0.213 eV or 19.2% decrease. Our
computed activation energies at various charge states have compared
with experiments [28,56] and previous first-principles calculations [24]
(Fig. 5).

The activation energies of 1.09 eV ( =q 0) and 1.11 eV ( = +q e1 ) are
close to the experimental measurements reported in the literature
[56,28]. The activation energy is 1.3 eV (125.3 kJ/mol) from integral
release experiments (annealing of irradiated TRISO fuel) [28], and 1.13
from fractional Ag release during irradiation of TRISO fuel [56]. It is
worth noting that these experiments [56]. are the best estimate of the

Fig. 3. Charge effect. The minimum energy pathways of the interstitial Ag
diffusion with 5 different charge states ranged from 0 to +4e. The reference
energy of each charge state is that of Ag interstitial at TC site with the same
charge state.

Table 1
Charge influence. The influence of charge state on the migration energy barriers
Ea, relative formation energy E f ofTSi configurations, and the potential width of
the local minimum of TSi configurations w shown in Fig. 3.

Ea (eV) E f (eV) w (Å)

q=0 1.092 1.066 0.667
q=+1e 1.107 1.089 0.834
q=+2e 1.053 0.947 1.421
q=+3e 0.998 0.848 1.746
q=+4e 0.894 0.661 1.847

Fig. 4. Charge localization and potential alignment. Planar averaged potential
alignment correction on Ag interstitial in cubic SiC with charge state of
q=+4e using FNV scheme[46]. The defect Ag is located at the center of a

× ×3 3 3 cubic SiC super-cell. The green curve is the model point charge for
long-range correction. The pink region is the sampling region for obtaining the
potential alignment correction, according to Ref. [46].
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Ag diffusion under the operation condition in TRISO fuel during the
German HTR (high-temperature reactor) fuel program [56]. The coin-
cidence of our migration energy barrier of the interstitial Ag with the
“on-site” experiments suggests a scenario of the fast release of Ag
through interstitial lattice diffusion.

Such a stringent precondition for mobile Ag could be fulfilled inside
a high-temperature reactor in the working condition with high tem-
perature high dose irradiation. Once Ag ions are deposited to inter-
stitials, they will highly likely perform lattice diffusion across the 3C-
SiC. The most possible diffusion path is a zigzag pathway along the
TC-TSi-TC as depicted in Fig. 1. Our results could ring the bell that the
lattice diffusion of Ag in 3C-SiC might still play a key role in the Ag
release in TRISO fuel under operation conditions.

Recent experiment evidenced the Ag diffusion was greatly enhanced
by carbon irradiation [34]. They concluded that the diffusion me-
chanism is radiation enhanced diffusion via both lattice diffusion and
grain boundary diffusion mechanisms. Considering that the experi-
ments are “off-site” with less dose and lower temperature, the experi-
mental results well support our hypothesis that the fast release of Ag
through lattice diffusion in 3C-SiC layers in “on-site” TRISO particles.

One precondition for Ag release via lattice diffusion is the large
number of Ag in the interstitial sites in 3C-SiC. The solubility of Ag in
3C-SiC is low. It is well known that the formation energy of an inter-
stitial Ag in 3C-SiC is higher than other kinds of defects including the
substitutional ones of Ag [37,24]. Therefore, the probability to form
substutional Ag defects is higher than forming interstitials. In the mean
time, the irradiation generates large number of defects that trap Ag
atoms in addition to grain boundaries. As a result, the Ag interstitials
could lack long-range diffusion.

Such a difficulty could be overcome by “kickout” reactions proposed
by Leng et al. [34]. The black spot defects which are speculated to be
the self-interstitial clusters can be dissolved into interstitials [57] at a
typical integral release experiment annealing temperature of> 1200
°C, providing a source of self-interstitials. It is evidenced that these
black spot defects can provide a significant interstitial source during
post-irradiation annealing to potentially enable kicking out every dis-
solved Ag many times over. These self-interstitials (I) then react with
the trapped Ag atoms to kickout Ag atoms back into interstitials. The
formation energy of substituted Ag is 7.03 eV and 7.23 eV for AgSi and
AgC, respectively [37]. The formation energy of interstitial Ag is
9.89 eV and 10.92 eV for AgTC and AgTSi, respectively. The kickout re-
action is most likely as + − >Ag I AgS TC , where AgS is the

substitutional Ag and the AgTC is the interstitial Ag on the tetrahedra
site formed by four carbon atoms. The kickout energy barrier is 2.86
and 2.66 eV for AgSi and AgC, respectively. Such a formation of inter-
stitial AgTC by kickout of an isolated substitutional AgS is overall en-
ergetically favorable among a number of reaction paths [34].

This kickout mechanism seems to be the main cause of the un-
precedented Ag release under irradiation, a notorious difficulty hin-
dering the implementation of TRISO. The irradiation provides the re-
quired energy to kick-out the substitutional Ag to initiate on jump of
bulk diffusion via fast interstitial migration. The kick-out energy with a
minimum value of 2.66 eV is otherwise hard to obtain from thermo-
dynamics of the system. The kick-out action could be proceeded by
direct head-on collisions with energetic particles or influenced by the
irradiation induced shockwaves [58]. In addition, the difference be-
tween the experimental activation energies (1.15–1.30 eV) and our
theoretical value of 1.09 eV could be used to estimate the kickout rate
as an effective factor on top of the activation energy.

A recent theoretical work proposed that a rate-limiting transition
state can have a different charge state from the initial ground state,
which could significantly lower the activation barrier of a dynamical
process that depends on charge state [59]. Here we examine the pos-
sible transition state redox during the Ag diffusion in 3C-SiC via lattice
diffusion. Using the initial neutral Ag interstitial at TC site (AgTC) as the
reference state, the energy of both charged states and neutral states are
illustrated in Fig. 6.

The minimum energy pathways of the interstitial Ag diffusion with
5 different charge states ranged from neutral to q=+4e using FNV
scheme. Although the redox reduces the activation energy of AgTC
during diffusion as illustrated in Fig. 3 and Table 1, the oxidation en-
ergies, which is equal to reduction energy, increase much more than the
reduced activation energy. The oxidation energies are 0.23, 0.78, 1.65,
and 2.85 eV for charge state of = +q e1, 2, 3, 4 , respectively. There is
no cross of all these curves Fig. 6. Our results suggest that the transition
state redox is unlikely because of the high oxidation energies of Ag. The
diffusion process prefer to occur at neutral state without change of the
charge status in any transition state.

4. Conclusions

In summary, we revisit the Ag lattice diffusion in a single crystalline
3C-SiC. We investigate the interstitial Ag diffusion via a zigzag pathway
along the TC-TSi-TC paths by means of first-principles calculations within
the framework of density functional theory. The influence of the charge
state on the migration energy barriers are explicitly examined. We
found that the migration energy barrier of the neutral Ag interstitial
diffusion is 1.09 eV, which is 0.2 eV higher than the previous DFT

Fig. 5. Activation energy. The activation energy of the bulk Ag diffusion via
interstitial as a function of the charge state ranged from 0 to +4e, compared
with experiment 1 (1.3 eV, denoted “Expt.1”, orange dashed line) [28], ex-
periment 2 (1.13 eV, denoted as “Expt.2”, pink dashed line) [56], and the
previous DFT study (denoted as “Shrader”, blue square) [24].

Fig. 6. Redox. Possible transition state redox during dynamical process in the
lattice diffusion of the interstitial Ag in 3C-SiC. The reference energy is that of
neutral Ag interstitial at TC site.
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calculations. Our more accurate results of spin-polarized DFT calcula-
tions in a large simulation cells with 217 atoms with FNV correction set
a rigorous ground and reference for further investigation of the other
diffusion mechanisms of Ag release in TRISO fuel.

The +1e charged Ag interstitials has a migration energy barrier of
1.11 eV. The activation energy of neutral and +1e charged AgTC agrees
with the activation energy of Ag diffusion measured in the German HTR
fuel program [56]. Over charged (>+1e) Ag ions possess deeper and
wider potential wells in the potential profile along the minimum po-
tential pathways of interstitial diffusion. The migration energy barrier
reduces with respect to the charge status of Ag in 3C-SiC. The high
oxidation energy suggests that the charge state remains fixed to that of
the initial electronic ground state throughout the diffusion. The CI-NEB
result suggests that once Ag ions occupy interstitials, the 3C-SiC lattice
provides efficient pathways of the TC-TSi-TC along the 〈101〉 directions
for lattice diffusion across the single crystal of 3C-SiC, resulting in fast
discharge of Ag in TRISO fuel. Although the Ag could be trapped by
defects including vacancies and grain boundaries, the ‘kickout’ me-
chanism induced by the irradiation could provide sufficient interstitials
supporting long-range lattice diffusion of Ag in 3C-SiC. This finding
might reset a solid ground and reference of lattice diffusion for un-
covering the silver release in TRISO fuel for secure nuclear energy.
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