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Density function theory calculations have been performed to study the stability of small helium-
vacancy (He-V) complexes near tungsten (W) surfaces of different orientations. The results show
that the stability of vacancies and He-V complexes near W surfaces depends on surface orientation.
However, as the depth below the surface increased beyond about 0.65-0.8 nm, the stability of
He-V complexes is similar to the bulk. The formation energies of single vacancies and di-
vacancies at depths less than 0.2nm below the W(110) surface are higher than for W(100) or
W(111) surfaces, but have lower energies at depths between 0.2 and 0.65 nm. The formation ener-
gies of He-V complexes below W surfaces are sensitive to the geometric orientation of the He and
vacancy, especially below the W(111) surface. Within about 0.2 nm of the top layer of the three W
surfaces, neither a vacancy nor a di-vacancy can trap He. Because of the lower formation energy of
He-V complexes and higher He binding energy to vacancies below the W(110) surface, the He
desorption from the W(110) surface is less likely to occur than from the W(100) and W(111) surfa-
ces. Our results provide fundamental insight into the differences in surface morphology changes
observed in single W crystals with different surface orientations under He plasma exposure.

Published by AIP Publishing. https://doi.org/10.1063/1.5027088

I. INTRODUCTION

The development of a viable, energy-producing fusion
reactor faces many issues: one of the most significant of
which is the materials challenge that results from the
plasma-material interactions (PMI) at the divertor, for which
tungsten (W) is the prime candidate because of its high
thermal conductivity and melting point, low tritium reten-
tion, and low sputtering threshold." Within the International
Thermonuclear Experimental Reactor (ITER) device, the
divertor plasma-facing materials are expected to experience
massive heat loads (10-20 MW m72) and particle fluxes
(1024 m sfl) that can cause significant microstructural and
morphological changes.” The tungsten at the divertor is
expected to undergo surface roughening and the formation of
a tendril-like fuzz when irradiated with low energy helium
(He) ions within the temperature range of 1000-2000 K34
The formation of this fuzz and other damage effects is con-
cerning because this may lead to enhanced erosion, limiting
the life of components as well as being a source for radioac-
tive, tritium-containing dust, and possible enhanced tritium
retention increasing fuel costs.”™ In order to gain insight
into the formation mechanism of nanofuzz growth in fusion-
plasma-facing W, many investigations have been conducted
on the He behavior near W surfaces as well as the effect of
He implantation on the microstructure of W surfaces.”

Experimental studies have indicated that bubble forma-
tion and surface morphology are influenced by surface orien-
tations under He plasma exposure.'’® Yamagiwa er al.’
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investigated the difference in He bubble formation and the
morphology change of three types of W samples due to He
plasma exposure by scanning electron microscopy (SEM),
scanning ion microscopy (SIM), and transition electron
microscopy (TEM). The non-uniformity of the formation of
He bubbles within a depth of 1um below surfaces was
observed on ITER grade W, which might be caused by the
difference in the orientation of the crystal grains. Moreover,
they found that the less damaged surface had a (110) orienta-
tion. After low energy He plasma exposure, a clear differ-
ence in the surface morphology was also observed on crystal
grains of different surfaces by Ohno er al.'"® The work of
Parish er al.'® shows that low energy He plasma resulted in
roughening and surface morphology changes to smooth-
polished W. Furthermore, four different surface morpholo-
gies were observed, including smooth, pyramidal, wavy, and
terraced, and these different surface responses were corre-
lated with surface orientation. Kajita er al.?® investigated the
surface morphology changes due to He plasma irradiation on
single crystal W samples and observed differences in surface
morphology changes between (100) and (110) single crystal
tungsten samples when the He fluence was less than 10 m™2
Protrusions were formed on the W (100) surface, presumably
due to the bursting of He bubbles, while wavy structures with
a height of ~200nm containing sub-surface He bubbles cover
the W(110) surface. Moreover, it was found that the density of
He bubbles below the W(110) surface is less than the W(100)
case.

Besides experimental studies, computer simulations
have been employed to explore the He behavior near W
surfaces. Because of the insolubility of He in W, He has a

Published by AIP Publishing.
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strong driving force to self-cluster and will also be trapped at
vacancies or other defects. Upon reaching a critical intersti-
tial He cluster size that varies from about eight He in the
bulk to as small as two He near surfaces, trap mutation (TM)
occurs in which a lattice atom is displaced from its site creat-
ing a W Frenkel pair.?' Molecular dynamics (MD) simula-
tions on the motion of small mobile He clusters near W
surfaces demonstrate that TM is activated at rates higher
than in the bulk. Moreover, TM produces W adatoms and
immobile He-vacancy (He-V) complexes at a short distance
from the surface layer.”? These He-V complexes will con-
tinue to accumulate He and grow by trap mutation or loop-
punching.”® The dissolution, self-trapping, and clustering of
He at W surfaces have been investigated by using a first-
principles method based on the density functional theory
(DFT),*** and it was found that the vacancy and the He-V
complex are able to form near the surface due to He accumu-
lation and the TM mechanism, and that accumulation is
dependent on surface orientation. In addition, He-V com-
plexes near W surfaces could be produced through He trap-
ping by pre-existing vacancy clusters under the implantation
of high fluxes of He ions and neutron irradiation in a fusion
environment. Pan ef al.* studied the single vacancy forma-
tion at the W surfaces with different orientations; however,
the number of atomic layers investigated was limited due to
the small models of surface slabs, which limits information
between the surface layers and the bulk. Moreover, the ener-
getics of vacancy clusters and He-V complexes near W
surfaces are not available in the current literature. In this
work, based on large surface slab models, we have calculated
the formation energies of single vacancy, di-vacancy, and
He,,V, (m=0-3, n=0-2) complexes, as well as He binding
energies, as a function of distance below W(100), W(110),
and W(111) surfaces using DFT, and analyzed the stability
of He-V complexes near these three W surfaces. This study
is helpful not only for understanding the early stages of He
bubble formation near W surfaces but also for providing a
database of W-He interactions that can accurately describe
the response of W surfaces to He irradiation.

Il. METHODOLOGY

The Vienna Ab initio Simulation Package (VASP),*
along with the standard pseudopotentials of He and W,
was used in this work. The interaction between ions and
electrons was described by the projector-augmented wave
method,”’28 while exchange and correlation interactions
were obtained by the generalized gradient approximation in
the Perdew-Burke-Ernzerhof form.?” The energy cutoff for
the plane-wave basis set was set as 360eV. The first-order
Methfessel-Paxton method was applied for the Fermi sur-
face smearing with a width of 0.1 eV. The Monkhorst-Pack
scheme was used to sample the Brillouin zone (BZ) and
generate k-point grids.

A cubic bece supercell with 4a x 4a x 4a, where a is the
lattice constant of 0.3171 nm, was employed to get the ener-
getics of ground state configurations of He-V complexes in
bulk W. A slab geometry was used to model W surfaces,
which includes multi W atom layers and a 1.2nm vacuum
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layer. The W(100), W(110), and W(111) surfaces contain
16, 12, and 24 atom layers, respectively. The bottom three
layers of the W(100) and W(110) as well as the bottom six
layers of the W(111) were fixed, while the remaining layers
were relaxed freely. The dimensions of the simulation mod-
els and the number of W atoms for bulk and the three W
surfaces are listed in Table I. A reconstruction model was
employed for the W(100) surface, in which the top layer
atoms shift 0.027nm and the second layer atoms shift
0.004nm to form zigzag chains.>® All calculations were
performed at constant volume, and using period boundary
conditions for three dimensions of bulk W and along the x
and y directions of surface models. The convergence criteria
for the electronic self-consistent iteration and the force on
the unfixed atoms were 10~>eV and 0.01 eV/A, respectively.

The formation energy of a He,,V, (m=0-3, n=0-2) is
given by
Elte,v, = Eltte,, — BV + nEyw — mEp., )
where EY/,;, \, and EY are the total energies of the system
with and without a He,V,,, E,, is the energy per W atom in
the bulk supercell, Eyy. is the energy of an isolated He, and m
and n are the number of He and vacancies. The initial config-
uration of the He,,V,, complex below the W surfaces is based
on that obtained in bulk W.

In order to explore the di-vacancy stability and the He
trapping ability of He-V complexes near W surfaces, the
binding energy of di-vacancy and that of a single He to a He-
V complex were obtained. The binding energy between A
and B is defined as

B\ p=E\+E,—E, 4, )

where EQ, E’;, and EZ +p are the formation energies of A, B,
and A+B, respectively.

lll. RESULTS AND DISCUSSION

Previous MD and molecular statics (MS) simulations
illustrate that He atoms are implanted within a depth of a
few nm below W surfaces under low-energy helium plasma
exposur<=,,3l’32 and the behavior of He near W surfaces is
much different from the bulk.*> The present results show
that the surface region below the W(100), W(110), and
W(111) surfaces (the depth d is less than 1.0nm) can be
divided into three regions for the stability of vacancies and
small He-V complexes. We define these as region I, in which

the surface strongly influences formation and binding

TABLE 1. Dimension (nm) of simulation models and number of W atoms
for bulk and W(100), W(110), and W(111) surfaces.

Dimension (nm)

Model X y z No. of W atoms
Bulk 1.268 1.268 1.268 128
(100) 1.268 1.268 3.578 256
(110) 1.345 1.268 3.666 288
(111) 1.345 1.553 3.305 288
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TABLE II. Formation energy (eV) of a vacancy at different layer depths below W surfaces. * denotes that a vacancy in L2 below a W(100) surface is unstable.

Structure k-point L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
W(100) 3x3x1 0.356 * 3.071 3.503 3.407 3.353 3.365
4x4x1 0.355 * 3.056 3.489 3.346 3.332 3.331
Sx5x1 0.353 * 3.048 3.469 3.331 3.300 3.295
W(110) 4x3x1 1.80 2.94 3.12 3.31 3.29 3.34
W(lll) 4x4x1 0.68 1.79 2.73 3.29 3.66 3.41 3.41 3.28 3.37 3.39

energies, then a transition region we define as region II, and
finally, with increasing depth, region III where the influence
of the surface is diminished and the formation energies
approach the bulk values. In this section, we discuss the for-
mation and binding energies of single vacancy, di-vacancy,
and He-V complexes in these three regions below W
surfaces.

A. Vacancy and di-vacancy at W surfaces
1. Formation energies of a single vacancy

Vacancies at W surfaces can be produced due to high
energy particle irradiation, as well as low to intermediate
energy plasma exposure. The vacancy formation energies
also provide information about the stability of surfaces under
irradiation. Previous DFT results show that the value of the
vacancy formation energy in bulk W depends on the k-point
sampling.*** Thus, to test the effect of the k-point number
on the results, the 3 x3 x 1, 4x4x1 or 5x5 x1 k-point
sampling was used in the calculations of vacancy formation
energy near the W(100) surface and the results are listed in
Table II, where Ln (n= 1-10) describe the vacancy forma-
tion energy with the vacancy placed within the n™ atomic
layers below the W surface. Table II clearly demonstrates
that the vacancy formation energy decreases slightly with
increasing number of k-points; moreover, the different k-
point samplings have only a minor effect on the relative
vacancy formation energies as a function of depth below the
W(100) surface. The largest difference in the vacancy forma-
tion energy between the 3 x 3 x 1 and 4 x 4 x 1 k-point sam-
plings happens at the 5th layer, which is about 1.8%, while
the largest difference at the 7th layer is 1.1% between the
4x4x1 and 5x5x1 k-point samplings. In addition, the
vacancy formation energies in bulk W with the same dimen-
sions along the x and y directions are 3.334, 3.330, and
3.257eV for the k-point samplings of 3 x3 x 3, 4 x4 x4,
and 5 x 5 x 5, respectively. When the depth below the sur-
face is sufficiently large, the formation energy should con-
verge to the bulk value. The values of vacancy formation
energy at the 6th and 7th layers below the W(100) surface
for the 4 x 4 x 1 k-point sampling are very close to that in
bulk W for the 4 x 4 x 4 k-point sampling. Based on these
analyses and the dimensions of the surfaces (see Table I), the
4x4x4,4x4x1,4x4x1, and 4 x3 x 1 k-point sam-
plings were chosen in the following calculations for bulk W,
W(100), W(110), and W(111) surfaces, respectively.

To display the relationship between the vacancy forma-
tion energy and the position of the vacancy visually, the
data in Table II as a function of depth (d) are also shown in

Fig. 1. It is found that the vacancy formation energy at the
first layer of the W(100) surface is the lowest, and the
vacancy at the 2nd layer of the W(100) surface is unstable
and moves up to the first layer after relaxation, similar to
Ref. 25. The vacancy formation energies at the top four
layers of the W(110) surface are higher than those at the cor-
responding layers of the W(111) surface. From Table II, one
can see that the vacancy formation energies at the 5th, 4th,
and 9th layers of the W(100), W(110), and W(111) surfaces,
respectively, are close to the bulk value of 3.33eV. The 5th,
4th, and 9th layers are the critical layers for the stability of
the three W surfaces, and these critical layers correspond to
the similar depth, about 0.62-0.67 nm (see Fig. 1), which is
the boundary between surface regions II and III. With
increasing depth, the influence of the surface on the vacancy
formation energy is negligible. This implies that the region
of influence of a W surface on the vacancy is roughly inde-
pendent of surface orientation. It is unexpected that the
vacancy formation energies near the W(100) and W(111)
surfaces do not increase monotonically with depth from the
first layer to the critical layer, as shown in Fig. 1. The vacan-
cies at the 4th layer (d = 0.47 nm) below the W(100) surface
and the 5th layer (d =0.34nm) below the W(111) surface
have higher formation energies than in the bulk, which
implies that the two layers are more difficult to form vacan-
cies. In addition, the vacancy formation energy at the 8th
layer (d =0.61 nm) below the W(111) surface is lower than
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FIG. 1. Formation energies of vacancy as a function of depth below the
W(100), W(110), and W(111) surfaces, where I, II, and III represent three
regions.
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that at its nearest four layers (i.e., L6, L7, L9, and L10).
However, the fluctuation of the vacancy formation energies
beyond the critical layer (L4) of the W(110) surface was not
observed. The particular phenomenon of the vacancy forma-
tion near the W(100) and W(111) surfaces should be attrib-
uted to the surface reconstruction, resulting in distinctive
electron distributions. Except for the slight fluctuation, the
vacancy formation energies near the three W surfaces
roughly increase with depths beyond the critical layer.
Figure 1 shows that the surface region below the W(100),
W(110), and W(111) surfaces can be divided into three
regions. In the first near surface region (region I, d < 0.2 nm),
the surface strongly influences the vacancy formation
energy. In this region, the influence of the W(110) surface is
weaker than the W(100) and W(111) surfaces, resulting in a
higher vacancy formation energy below the W(110) surface.
Within the second near surface region (region II, 0.2nm < d
< 0.65 nm), the vacancy formation energy below the W(110)
surface is lower than the other two surfaces. In region III
(d > 0.65nm), the vacancy formation energy approaches to
the bulk value.

2. Di-vacancy formation and binding energies

It is known that in bulk W the formation energy of a di-
vacancy at the first nearest-neighbor (1NN) positions is simi-
lar to that at the third NN (3NN) positions, but about 0.35eV
lower than that at the second NN (2NN) positions.35 Here, we
mainly focus on the formation energy of the 1NN di-vacancy
(Vo_inn) near the three W surfaces as a function of depth of
the di-vacancy center, which are plotted in Fig. 2. To probe
the stability of the top layers of W surfaces with different sur-
face orientations, the 2NN and 3NN di-vacancies (Vo onn

8 T T T T T T T
71 s A
S VoaV T ez & o
o 6t % i
> 5|
— r ‘ -
et 9
c 4r A )
.0 I
-&- 3L ° - m Vv, . _W(100) |
e L O V,,w_W(100)
B 2 v ® V2-1NN _W(110) i
L I AV, 11T _W(111)
1L w vV VY, wnon-[111] _W(111)
L O V¥ Vw W(111)
0 ] A ! A | ! A | . ] .
00 02 04 06 08 10 12

Depth (nm)

FIG. 2. Formation energies of di-vacancies as a function of depth below the
W(100), W(110), and W(111) surfaces, where the black full and hollow
squares represent the INN and 2NN di-vacancies at the W(100) surface, the
red spheres represent the 1NN di-vacancies at the W(110) surface, the green
filled and blue hollow triangles indicate the 1NN di-vacancies along the
[111] and non-[111] directions at the W(111) surface, respectively, and the
magenta filled triangle represents the 3NN di-vacancy at the surface layer of
the W(111) surface.
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and V,_3nn) on the surface layers of the W(100) and W(111)
surfaces, respectively, were also investigated. Note that the
definitions of the 1NN, 2NN, and 3NN di-vacancies in this
work were based on the distance of neighbor lattice sites in
bulk W. The V,_;yn near the W(100) surface is located at
the two nearest atomic layers. For the three top layers of the
W(100) surface, the stability of the V,_;nn depends on the
vacancy orientation due to the surface reconstruction with
zigzag chains. In Fig. 2, the formation energies of the V,_jnn
near the W(100) surface correspond to the configurations
with minimum energies, which might distribute along differ-
ent (111) directions. It should be noted that the V, o\ at the
W(100) surface layer has the lowest formation energy of
0.56 eV, which further confirms that the W(100) surface layer
is more easily damaged. The V, oy at the 2nd layer below
the W(100) surface is unstable, as illustrated in Fig. 3. After
relaxation, one atom on the top layer moves to a vacant site
on the 2nd layer by a first nearest neighbor exchange, which
is the same as the single vacancy on the 2nd layer below the
W(100) surface. However, another two atoms on the surface
layer displace about 0.1 nm towards the other vacancy on the
2nd layer, resulting in the collapse of the W(100) surface
layer. For the W(100) and W(110) surfaces, the formation
energies of V,_;yn increase with depth until about 0.65 nm
below the surface. The V,_;nn near the W(111) surface has
two configurations: one is that the two vacancies are along
the [111] direction, perpendicular to the surface layer; the
other is that the V,_jnn is along the non-[111] direction,
including the [111], [111], and [111] directions. The forma-
tion energies of the V,_jyn along the three non-[111] direc-
tions at the same depth are identical. It is obvious that near

Q
» & & &
e & &

e & & &
S & & &

FIG. 3. (a) Initial and (b) final configuration of a V,,,, on the 2nd layer
below the W(100) surface. Green and grey spheres represent the W atoms
on the top layer and below the surface, respectively, in the initial configura-
tion. The blue spheres illustrate the di-vacancy.
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the W(111) surface, the formation energies of the V,_;nn
along the [111] direction at depths less than 0.4 nm are lower
than that of the non-[111] directions at similar depths, which
suggests that the di-vacancy perpendicular to the surface is
more energetically favorable. For depths from 0.4 to 0.8 nm
below the W(111) surface, the formation energy of the
V,_inn trends toward a constant value essentially indepen-
dent of vacancy orientation and depth. It can be seen from
Fig. 2 that for depths less than 0.4 nm, the formation energies
of the V,_jnn significantly decrease approaching the surface,
but approach a constant value for depths beyond 0.65 nm for
the three W surfaces investigated. The three regions near the
three W surfaces for the di-vacancy formation energies are
similar to that for the formation energies of single vacancies.
The di-vacancy formation energies near the W(110) surface
are the largest when the depth is less than 0.2 nm, but the low-
est for depths between 0.2 and 0.65 nm. Beyond 0.65 nm, all
of them approach the bulk value of 6.7eV.

Based on the formation energies of the single vacancy
and the di-vacancy, the di-vacancy binding energies near
the W(100), W(110), and W(111) surfaces can also be
assessed. Previous DFT results demonstrate that di-
vacancies at either the first or second NN positions in bulk
W are unstable, with a strong repulsion observed especially
for the 2NN configuration.’>*® As illustrated in Fig. 4,
numerous bound di-vacancy configurations are observed
near W surfaces. For example, the binding energy of the
V,_onn at the surface layer of the W(100) is 0.15eV, indi-
cating the attractive interaction between the two vacancies.
Besides the V,_,nn on the surface layer, the positive bind-
ing energies of the V,_jyy are obtained at the 3rd-4th
layers (the two vacancies are located at the 3rd and 4th
layers, respectively, d =0.386 nm) and the 4th-5th layers
(d=0.544 nm) below the W(100) surface. For the case of
the W(110) surface, the V,_;yn at the surface layer is
very stable with a high binding energy of 0.74eV; how-
ever, the di-vacancy binding energy decreases steeply with
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FIG. 4. Di-vacancy binding energies as a function of depth near the W(100),
W(110), and W(111) surfaces, where the representations of the symbols are
the same as those in Fig. 2.
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increasing depth below the surface. For depths larger than
0.2 nm, the binding energy is around OeV. The V,_3xn on
the surface layer and most of V,_jyN near the W(111) sur-
face have positive binding energies. For depths less than
0.8 nm, the di-vacancy binding energies near the W(111)
fluctuate more significantly with increasing depth than
below the W(100) and W(110) surfaces, respectively. At a
depth of 0.2 nm (the 2nd-5th layers) below the W(111) sur-
face, the V,_;nn along the [111] direction combine
strongly with a binding energy of 0.72eV. However, the
V,_inn along the non-[111] direction at the 3rd-4th layers
(d=0.2nm) of the W(111) surface is unstable with a nega-
tive binding energy, as shown in Fig. 4, which should be
attributed to the surface reconstruction with a triple pat-
tern, i.e., the top three layers move toward each other and
the layer space between the 3rd and 4th layers expands sig-
nificantly.’” Furthermore, the di-vacancy along the [111]
direction at a depth of 0.385nm (the 4-7th layers) below
the W(111) surface has the lowest binding energy and is
thus the most unstable. In general, the di-vacancy binding
energies for the three W surfaces converge as the depth
increases beyond 0.8 nm. Low formation energies and high
binding energies of vacancies near the surfaces indicate a
W surface instability against topological disorder during
particle irradiation.

B. Stability of He,,V,, complexes at W surfaces

He,V, complexes near a W surface might form by two
mechanisms. One is that the He,, are trapped by pre-existing
near surface vacancies, and the other is that small mobile
He,, clusters induce TM reactions near surfaces and occupy
the lattice sites, forming a He,,V, complex, as has been
observed in DFT and MD simulations.”>”>> No matter the
formation pathway, the formation energy of He,V,, and the
binding energy of He to He,_;V, clusters are required to
understand the stability of He,,V,, complexes near W surfa-
ces. In this work, small He,,V, (m=1, 2, 3, n=1, 2) com-
plexes are considered as a function of depth below the
W(100), W(110), or W(111) surface.

1. He,V(m=1,2, 3)

The formation energy of a substitutional He (HeV for
short) at different layer depths below the three W surfaces is
displayed in Table III. The formation energies of a HeV at
the two top layers of the W(100) and W(111) surfaces, as
well as at the first layer of the W(110) surface, are not pre-
sented in Table III. This is because the He is not stably
trapped by the vacancies at these locations, desorbing from
the surface. In other words, under the 3rd layer of the

TABLE III. Formation energy (eV) of a substitutional He at different layer
depths below W surfaces. * denotes that helium was unstable and desorbed.

Structure L1 L2 L3 L4 L5 L6 L7 L8 L9 LI10

W(100) * * 468 5.12 495 497 494
W(110) * 466 4.69 492 489 4095
W(111) * * 416 5.16 530 500 5.02 488 5.00 5.02
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W(100) and W(111) surfaces, and the 2nd layer of the
W(110) surface, the He can be trapped by the vacancies.
However, the formation energies of HeV at the same layer
below the three surfaces are different. With the exception of
the HeV at the 3rd layer below the W(111), the HeV has
lower formation energies near the W(110) surface than the
other two surfaces.

In addition to the HeV, the configurations and stability
of the He,V at different depths below the W(100), W(110),
and W(111) surfaces were investigated. Based on the stabil-
ity of HeV near W surfaces, the 1st layers of the W(100),
W(110), and W(111) as well as the 2nd layers of the W(100)
and W(111) were not considered for the He,V. In bulk W,

J. Appl. Phys. 123, 205108 (2018)

the ground state of a He,V has a (111) dumbbell-like config-
uration. Therefore, four initial possible (111) dumbbell con-
figurations, i.e., [111], [111], [I11], and [111] dumbbells,
were first considered at the top few layers below the three
W surfaces. As well, initial (100) and (110) dumbbell-like
He,V configurations were also explored at the top stable
layer. After relaxation, the most stable configurations of
He,V at different layers of the W(100) surface are still (111)
dumbbells; however, the orientation of the He,V at the 3rd
and 4th layers are special, as shown in Fig. 5. It is interesting
to see that both the top He (closer to the surface) of the most
stable He,V at the two layers, as indicated by the larger red
and blue spheres, are closer to the long bridge sites [stars in
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Fig. 5(b)]; however, this special He orientation essentially
vanishes at the 5th layer below the W(100) surface.

For the case of the W(110) surface, the most stable con-
figurations of He,V at the 2nd and 3rd layer depths are illus-
trated in Figs. 5(c) (side view) and 5(d) (top view). At the
2nd layer, the He,V is aligned along the [110] direction, and
the mass center moves towards the surface, forming a config-
uration most appropriately described as a HeV and an inter-
stitial He. For depths beyond the 2nd layer below the (110)
surface, the (111) dumbbell-like configuration is the most
stable for He,V. However, there are two types of (111)
dumbbells for the He,V near the W(110) surface. The first
has two He along the [111] or [111] direction located at the
same atomic layer [i.e., on the (ITO) plane], and the second
has two He across an atomic layer [i.e., on the (110) plane].
The latter is shown by the blue spheres in Fig. 5(c). At the
3rd layer below the surface, the He,V prefers to stay on the
(110) plane, with an energy that is 0.05eV lower than that
on the (110) plane. Beyond the 5th layer below the W(110)
surface, the orientation dependence of the (111) dumbbell
He,V can be ignored.

For the case of the W(111) surface, the He,V on the 3rd
layer is unstable, which indicates that the vacancy on the 3rd
layer of the W(111) can only trap one He. For the stable
He,V near the W(111) surface, there are two distinct (111)
dumbbells, including the [111] direction and non-[111]
direction. The [111] direction is the most energetically favor-
able for the He,V at the 4th layer, as shown by the red
spheres in Figs. 5(e) and 5(f), which has 0.11eV lower for-
mation energy than the other (111) dumbbells. However, the
He,V at the 5th layer has a 0.11 eV lower formation energy
in the non-[111] direction relative to the [111] direction, as
indicated by the blue spheres in Figs. 5(e) and 5(f). The
He,V at the 6th and 8th layers has the same favorite direc-
tion as that at the 4th layer, while the He,V at the 7th and

[001] (R)
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Oth layers has the same direction as that at the S5th layer,
even though the He orientation dependence of the formation
energy decreases with increasing depth.

It is known that He has a closed-shell electronic struc-
ture and prefers larger volumes with reduced electron den-
sity; therefore, vacancies and vacancy clusters, edge
dislocation cores, surfaces, and grain boundaries act as trap-
ping sinks for He,*~**° and the modified formation and
binding energies near surfaces are thus a manifestation of
this effect. Due to surface attraction, interstitial He or mobile
He-V complexes below W surfaces will experience a drift
force that biases the diffusion towards surfaces.”**° For the
He-V complex near W surfaces, the geometry orientation of
He and vacancies is sensitive to the surface orientation and
the depth below the surface, as illustrated in Fig. 5. To
understand the geometric orientation dependence of He-V
complexes below W surfaces, as an example, we have inves-
tigated the charge density distribution on the (110) plane
near a He,V at the 3rd or 4th layer below the W(100) sur-
face, as shown in Fig. 6, where “A” to “H” represent W
atoms, and “He,” and “He,” indicate the two He atoms.
Figure 6(a) shows that the two He in a vacancy at the 3rd
layer are aligned in the [111] direction. The W atoms on the
W(100) surface layer displace about 0.027nm along the
[110] direction due to the reconstruction, leading to an asym-
metry of the charge density distribution between the first
nearest neighbor W atoms, especially for the atoms on the
top few layers, as shown in Fig. 6. If there is only one He in
the vacancy at the 3rd or 4th layer, it would occupy the
vacancy because the trapping ability of the vacancy to He is
competitive with the surface to He. However, one He in the
He,V is trying to occupy the vacancy, and the other He is
trying to desorb from the surface. Moreover, the charge
between atom “B” and “C” is much weaker than that
between “A” and “C” or between “B” and “D,” which

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80
0.90
1.00

FIG. 6. Charge density (e/A3) distribution on the (110) plane near a He,V at the (a) 3rd and (b) 4th layer below the W(100) surface, respectively.
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suggests that He prefers to approach to the charge deficit
region between “B” and “C.” However, the strong charge
between “B” and “D” forces “He,” to rotate anticlockwise
and close to atom “C.” Accordingly, the “He,” adjusts its
position based on the interactions with “He,” and its first
nearest neighbor W atoms, forming the stable 111]
dumbbell-like He,V configuration, as shown in Fig. 6(a).
Similarly, one He in the He,V at the 4th layer below the
W(100) surface is close to “F.” Because of the charge shift
of atom “D,” “E,” and “F,” the charge deficit between D and
F attracts “He;.” In brief, the multifarious orientations of
He-V complexes below different W surfaces depend on
many factors, such as the trapping competition of the surface
and vacancy to He, the local geometric distribution of W
atoms (and corresponding charge distribution due to the sur-
face effect), and the interactions between He.

The formation energies of the minimum energy He,V at
different layers below the W(100), W(110), and W(111) sur-
faces are presented in Table IV. The formation energy of
He,V at the 3rd layer below the W(100) surface is lower
than in the bulk, but at the 4th layer, it is the highest and is
close to the bulk value at the 5th layer. Under the 3rd layer
of the W(110) surface, the fluctuation of the formation
energy of He,V is less than 1%. As described above, the
vacancy at the two top layers of the W(111) surface is not
stable traps (sinks) for He, while a vacancy at the 3rd layer
can trap one He. It is somewhat surprising that the formation
energy of the He,V is the largest at the 4th layer below the
W(111) surface, and increases with proximity to the (111)
surface before slowly decreasing towards the bulk value for
depths beyond the 5th layer.

In bulk W, three He atoms in the most stable HesV share
a vacant site, lying on a {111} plane and forming an equilat-
eral triangle. However, the energies of the He;V near the W
surfaces depend on the He and surface orientation, even
though they remain on a {111} plane. The most stable con-
figurations of He3V at the 3rd, 4th, and 5th layers below the
W(100) surface are shown in Figs. 7(a) and 7(b). For depths
below the 5Sth layer, the He orientation dependence can be
ignored since the largest energy difference for the He;V at
different {111} plane is less than 0.05eV. The {112} plane
is the most energetically favorable for the He;V at the 2nd
layer of the W(110) surface, as shown in Figs. 7(c) and 7(d),
no matter the initial configuration of the He;V. However, all
{111} planes are equivalent for the He;V preferred configu-
ration for depths beyond the 2nd layer under the W(110) sur-
face. The He;V is stable in a {111} configuration under the
3rd layers of the W(111) surface, but He;V at the 4th and 5th
layers prefers a specific (111) plane configuration.
Especially, the formation energy of He;V at the (111) plane,

TABLE 1V. Formation energy (eV) of He,V at different layers below W
surfaces. * indicates that no stable configuration was observed, and the
helium desorbed.

Structure L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

W(100) * * 0 7.63 8.11 795 8.00 7.94
W(110) * 745 17772 797 793 197
W(l11) * * * 822 819 8.00 8.02 7.88 7.99 8.04

J. Appl. Phys. 123, 205108 (2018)

as indicated by the red spheres in Figs. 7(e) and 7(f), is
0.55eV lower than metastable configurations on the other
{111} plane. The most stable configurations of He3V at the
6th and 7th layers are shown by the blue and black spheres,
respectively, in Figs. 7(e) and 7(f). Beyond the 7th layer, the
largest energy difference of the HesV at different {111}
planes is less than 0.1eV. In general, the W(111) surface
effect on the configurations of He-V complexes is more sig-
nificant than for the W(100) and W(110) surfaces.

The formation energies of the most stable HesV at dif-
ferent layers below the W surfaces are listed in Table V. It is
clear that the formation energies of HesV beyond the 4th
layer below the W(100) surface are similar to the bulk value
of 11.06 eV, but the He;V at the 4th layer has the largest for-
mation energy compared to the other depths. For the case of
the W(110) surface, the formation energy of the stable He;V
increases with depth and approaches the bulk value at the 4th
layer. As shown in Table V, the formation energy of the sta-
ble He;V at the 4th layer below the W(111) surface is the
largest and then fluctuates weakly around the bulk value
with increasing depth, except for the 8th layer.

The data presented in Tables III-V are plotted in Fig. 8.
A comparison of Fig. 8 to Fig. 1 shows that the variation in
formation energies of HeV as a function of depth is similar
to that of the vacancy at the corresponding surface. With
increasing number of He, the relative formation energies of
He,V at different depths are changed slightly for the
W(100) and W(110) surfaces, but dramatically for the
W(111) surface. It is of interest to note that the formation
energies of He,,V within the depth of 0.2-0.6 nm below the
W(110) surface are lower than that at a similar depth below
the W(100) and W(111) surfaces, which indicates that small
He-V complexes are most stable in this region near the
W(110) surface. Furthermore, the formation energies of
He,,V (m= 1, 2, 3) complexes at a depth of about 0.65 nm
below the surface converge toward the bulk values for the
three W surfaces considered.

To assess the He trapping ability of He-V complexes,
the binding energies of He to He,,, ; V complexes were calcu-
lated. According to Eq. (2), the formation energy of He,
along with the He-V complex, is required to calculate the He
binding energy. The He interstitial at the 1st and 2nd layers
below the W(100) surface is unstable, but stable for depths
beyond the 2nd layer, and these data are shown in Fig. 9.
The tetrahedral interstitial sites (TISs) below the W(100) sur-
face were defined based on the bcc W configuration beyond
the 2nd layer. It should be pointed out that in Ref. 25, it was
observed that He TIS between the 2nd and 3rd layers, and at
the 3rd layer are unstable, and induce TM, creating adatoms
on the first layer and a HeV. This difference occurs because
the initial positions of He in Fig. S5 of Ref. 25 are deviated
from the TISs that are defined in the present work. The He
formation energy near the W(100) surface roughly increases
with depth and converges to the bulk value of 6.2eV at a
depth of about 0.6 nm; however, the He interstitial at differ-
ent depths below the W(110) surface has similar formation
energies. The TM phenomenon was observed in the DFT cal-
culations for He at the initial TISs near the 4th and 5th layers
below the W(111) surface, which is consistent with the result
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in Ref. 25. Moreover, the present results indicate that the He
formation energy remains almost constant at depths beyond
0.6 nm below the W(111) surface, which is not found in Ref.
25, presumably due to the small model used in Ref. 25.

TABLE V. Formation energy (eV) of He;V at different layers below W sur-
faces. The representation of * is the same as that in Table I'V.

Structure L1 L2 L3 14 L5 L6 L7 L8 L9 LIO

w(@1oo0) * * 1071 11.21 11.05 11.07 11.03
Ww(@110) * 10.68 10.83 11.06 11.04 11.03
waty o+ * * 1126 10.99 11.00 11.03 10.90 11.06 11.08

However, the He formation energy at different surfaces
exhibits the same order as that in Ref. 25, i.e., the He forma-
tion energy is the lowest near the W(111), followed by the
W(100) and W(110) surfaces.

Based on the formation energies of He and He,V
(m =0, 1, 2), the binding energy of He to a single vacancy,
HeV, and He,V was obtained and is shown in Fig. 10. In
bulk W, the binding energy of He to a vacancy, HeV, and
He,V is 4.56, 3.11, and 3.12¢eV, respectively, which are
comparable to previous DFT and MD results.*'*? As dis-
cussed above, the two top layers of the W(100) surface can-
not trap He. From the 3rd layer (d =0.307nm) to the 6th
layer (d=0.623 nm) below the W(100) surface, the binding
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FIG. 8. Formation energies of He,,V (m=1, 2, 3) as a function of depth
below the W(100), W(110), and W(111) surfaces, respectively.

energies of He to He,,V complexes (m=0, 1, 2) decrease
with proximity to the surface, but approach a constant value
beyond a depth of 6 layers. For the case of the W(110) sur-
face, from the 2nd layer (d=0.216nm) to the 3rd layer
(d=0.441nm), the binding energy of He to both a single
vacancy and a He,V complex increases and then reaches the
bulk value for depths beyond the 3rd layer [see Figs. 10(a)
and 10(c)]. However, the additional He trapping by a HeV at
the W(110) surface is similar from the 2nd to 6th layers, as
shown in Fig. 10(b). The binding energies of He to a vacancy
below the W(111) surface indicate that the vacancies at the
3rd (d=0.14nm) and 4th layers (d=0.25nm) below the
W(111) surface can weakly trap a He with a low He binding
energy. After the trapping of the first He by the vacancy, the
He trapping ability of the He-V complexes near the three W
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FIG. 9. Formation energies of He interstitial as a function of depth below
the W(100), W(110), and W(111) surfaces.
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FIG. 10. Binding energies of He to (a) V, (b) HeV, and (c) He,V as a func-
tion of depth below the W(100), W(110), and W(111) surfaces, respectively.

surfaces decreases [see Figs. 10(a) and 10(b)]. However, the
binding energies of He to HeV complexes are almost the
same as that of He to He,V complexes at the same depth
below the W(100), as illustrated in Figs. 10(b) and 10(c). It
is of interest to note that He binding energy to He-V com-
plexes decreases with increasing He concentration near the
W(111) surface. Comparing the three W surfaces, the He has
the highest binding energy to a vacancy below the W(110)
surface.

2. He,,Vo(m=1, 2, 3)

In order to obtain insight into the effect of the size of the
He-V complex on He trapping near W surfaces, the forma-
tion energies of He,,V, (m=1, 2, 3) based on the stable
V,_inn near the W(100), W(110), and W(111) surface were
determined, as shown in Fig. 11. As illustrated in Fig. 2, the
low formation energies of di-vacancies at depths less than
0.2nm below the three W surfaces suggest that the di-
vacancies at the corresponding region are easily created, but
those di-vacancies cannot trap He. The HeV, at a depth of
0.228 nm (the two vacancies occupy the 2nd and 3rd layers)
below the W(100) surface has the second lowest formation
energy of 6.25eV, as shown in Fig. 11(a). The He at the V,
in bulk W is located at the center of the V,_;nn. However,
the vacancy at the 2nd layer of the W(100) surface is
squeezed by the atoms of the top layer, which induces the
movement of He towards the vacancy at the 3rd layer. The
di-vacancies at a depth of 0.217nm (the 2nd layer) below
the W(110) surface can trap He, forming stable HeV, with
the formation energy of 7.71eV. Unlike the monotonic
increase in the di-vacancy formation energy with increasing
depth near the W(110) surface (see Fig. 2), the formation
energy of HeV, at d=0.284 nm (2nd-3rd layers) below the
W(110) surface is the lowest. It is expected that the He at the
di-vacancy would like the vacancy at the 2nd layer due to
the attraction of the surface. On the contrary, the He at the
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di-vacancy would rather occupy the vacancy at the 3rd layer
than the vacancy at the 2nd layer. Similar to the formation
energies of the V,_yn near the W(111) surface, the forma-
tion energies of the HeV, along the [111] direction between
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0.2 and 0.4nm are much lower than that of the non-[111]
directions, which indicates that the HeV, would like to be
perpendicular to the (111) surface. Furthermore, like the
HeV,_;nn at the 2nd-3rd layers below the W(100) and
W(110) surfaces, the He at the di-vacancies along the [111]
direction at d=0.2-0.4nm and the He at the di-vacancy
along the non-[111] direction at d=0.293 nm (the 4th-5th
layers) would like to occupy the further vacancy from the
surface layer. Comparing the formation energies of HeV,
below the three W surfaces, it can be observed that the
formation energy of HeV, at a depth of about 0.2 nm below
the W(110) surface is larger than that below the W(111) and
W(100) surfaces, whereas for depths from 0.3 to 0.6nm
below the W(110) surface, the formation energy is lower
than the other two surfaces. Beyond 0.6 nm, the formation
energy of HeV, is close to the bulk value of 8.18eV. The
trend of the formation energy of HeV, with depths is similar
to that of di-vacancies near the three W surfaces.

Although the V, ;nn at d=0.228 nm (the 2nd-3rd
layers) below the W(100) surface can trap one He, no more
He can be trapped by this di-vacancy. Once a He comes to
this HeV,, a He,V, is temporarily formed, but is unstable in
the current calculations. The He closest to the surface in the
He,V, detraps from the vacancies, followed by the second,
and both He desorbs from the W(100) surface. The He,V,
cluster along the [111] direction at a depth of about 0.2 nm
below the W(111) surface is also unstable and becomes a
HeV, due to the escape of the He closest to the surface.
Figure 11(b) indicates that the formation energies of He,V,
near the W(110) surface are the lowest and then followed by
the W(100) and W(111) surfaces.

In terms of the growth of He,,V, complexes, the He;V,
cluster at depths of 0.2—-0.55 nm below the W(110) surface and
at a depth of 0.386 nm below the W(100) surface is stable, but
this cluster is unstable along the non-[111] direction at
0.204 nm and along the [111] direction at 0.285 nm below the
W(111) surface. Although the [111] di-vacancy at 0.285nm
can trap two He with the formation energy of 9.1 eV, once an
additional He joins the cluster, an unstable He3V, cluster is the
result. This He3zV, configuration becomes a HeV, due to the
detrapping of two He, which desorb from the surface. Figure
11 shows that with increasing number of He, the formation
energies of He,V, at depths of 0.2-0.55 nm below the W(110)
surface are obviously lower than those at the same depth below
the W(100) and W(111) surfaces, especially for the HesV,.
The formation energies of He,,V below the W(100), W(110),
and W(111) surfaces converge to bulk values at a depth of
about 0.65nm (see Fig. 8). The slightly larger formation
energy of the He,,V, cluster below the W(100) and W(110)
surfaces converge to bulk values at depths of about 0.7 nm,
while the formation energies of He,,V, complexes below the
W(111) surface appear to fluctuate until depths larger than
0.8 nm. With increasing number of He at the di-vacancy, the
trend of the formation energy of He,V, with depths generally
remains the same for the W(100) and W(111) surfaces, while
different for the W(110) surface, especially at a depth of about
0.4 nm.

The binding energies of He to He,,V, complexes
(m=0, 1, 2) below the W(100), W(110), and W(111)
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surfaces are plotted in Fig. 12. Below the W(100) surface,
the binding energy of He to the di-vacancy increases slightly
with depths until the depth is about 0.65nm. However,
beyond 0.3 nm, the binding energy of He to a di-vacancy
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FIG. 12. Binding energies of He to (a) V,, (b) HeV,, and (c) He,V, as a
function of depth below the W(100), W(110), and W(111) surfaces, where
the representations of the symbols are the same as those in Fig. 11.
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below the W(110) surface is close to the bulk result. It is of
interest to note that the HeV, complexes along the [111]
direction below the W(111) surface have significant lower
formation energies [see Fig. 11(a)], and thus generally higher
He binding energies than that along the non-[111] directions
[see Fig. 12(a)]. It is clear that the binding energies of He to
a di-vacancy near the W(111) surface are substantially lower
than that of the other two surfaces at depths of around
0.2-0.3nm. At deeper depths, the binding energies of He to
a di-vacancy below the W(110) surface are slightly larger
than both the W(100) and W(111) surfaces. Beyond the
depth of about 0.65nm, the binding energy of He to a di-
vacancy for each of the three W surfaces is close to the bulk
value of 4.71 eV, as illustrated in Fig. 12(a).

At depths less than 0.38 nm, the He,V, near the W(100)
surface and the He,V, along the [111] direction near the
W(111) surface are unstable, and the binding energies of He
to the HeV below the W(110) surface are obviously larger
than below the W(111) surface. At depths deeper than
0.65 nm, the binding energies of He to HeV, complexes are
similar to the bulk value of 4.83 eV for the three W surfaces,
as shown in Fig. 12(b). With the trapping of the third He at
the V,_ ;nn in bulk W, the He binding energy of He;V,
decreases to 3.96 eV. Obviously, the binding energy of He to
a He,V, near the W surface increases with depth and then
approaches the bulk value as the depth is larger than
0.65nm, as shown in Fig. 12(c). With increasing number of
He, the He,,V, complexes along the [111] direction near the
W(111) surface become more unstable than that along the
non-[111] directions. It is important to note that the He bind-
ing energies to He,,V, (m=0, 1, 2) complexes below the
W(110) surface are generally higher than below the W(100)
and W(111) surfaces.

In summary, the near surface region below each of the
three W surfaces can be divided into three regions when
describing the He trapping. In region I, with a depth < d|,
perfect surfaces and the vacancies near the three W surfaces
cannot trap He, as shown in Figs. 8-12. In region II, with
depths between d; and d,, the interstitial He prefers to stay
below the perfect W(111) surface with a lower formation
energy relative to the perfect W(100) or W(110) surfaces, as
shown in Fig. 9. Generally, within region II, the formation
energies of He-V complexes below the W(110) surface are
lower than the W(100) and W(111) surfaces (see Figs. 8 and
11), and correspondingly, the binding energies of He to He-
V complexes below the W(110) surface are higher than the
W(100) and W(111) surfaces (see Figs. 10 and 12), which
suggest that the vacancies below the W(110) surface can trap
more He than W(100) and W(111) surfaces. Region III
occurs at depths larger than d,, in which the behavior of He-
V complexes below the surfaces is similar to that in the bulk.
The values of d; and d, increase with the size of the He-V
complexes. For the small complexes considered in this work,
the d; and d, are about 0.2 nm and 0.65-0.8 nm, respectively.
Besides the lower formation energies of He-V complexes
and higher binding energies of He to He-V complexes below
the W(110) surface than that below the W(100) and W(111)
surfaces, it is important to note that for the He content inves-
tigated, an increase in He concentration of the He,V,
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clusters de-stabilized the cluster below the W(100) and
W(111) surfaces, but not below the W(110) surface. This
indicates a higher He trapping ability by vacancies below the
W(110) surface, which may imply that the size and density
of He bubbles below the W(110) surface could be larger and
lower than the other two W surfaces, respectively. The infer-
ence based on the present DFT results is somewhat consis-
tent with the experimental phenomenon of the initial
differences in surface morphology changes observed in (100)
and (110) single crystal W samples under He plasma irradia-
tion at low fluence,”® and is in agreement with the experi-
mental results that the density of He bubbles below the
W(110) surface is less than the W(100) case.”’

IV. CONCLUSION

In the present work, the stability of He,V, (m=0, 1, 2,
3 and n=1, 2) complexes below the W(100), W(110), and
W(111) surfaces has been investigated by analyzing the for-
mation and binding energies of He,,V,, complexes, which
were obtained by DFT calculations using VASP. The results
show that near surface region below each of the three W sur-
faces can be divided into three regions when describing the
stability of vacancies and He-V complexes. Within the first
and second regions (d < 0.65—0.8 nm), the stability of vacan-
cies and He-V complexes varies strongly and depends on the
W surface orientation. However, in the third region
(d > 0.65-0.8 nm), the stability of the clusters is similar to
the bulk. The formation energies of single vacancies and di-
vacancies of the W(110) surface at the first region (d <0.2)
are higher than that of the W(111) and W(100), which indi-
cates higher stability of the surface layer of the W(110) sur-
face. However, within the second near surface region
(0.2nm < d < 0.65nm), the formation energies of vacancies
at the W(110) are lower than the other two W surfaces. In
the third region (d>0.65nm), the formation energy of
vacancies is close to that in the bulk. The binding energy of
a di-vacancy at the first layer of the W(110) surface is much
higher than the other two W surface, but rapidly decreases to
an unbound value beyond 0.2 nm. In general, the di-vacancy
binding energies for the three W surfaces converge at depths
greater than about 0.8 nm. The formation energies and He
binding energies of He-V complexes are sensitive to both the
He and vacancy configurations even at the same depth of a
W surface, especially below the W(111) surface. Within the
first near surface region of the three W surfaces, neither sin-
gle vacancies nor di-vacancies can trap He. In the second
region, the vacancies near the W(100) surface can trap more
He than the W(100) and W(111) surfaces because of the
lower formation energies of He-V complexes and higher
binding energies of He to He-V complexes. Moreover, with
increasing He concentration in the He-V complexes, the He
desorption from the W(110) surface is less likely to occur
than from the W(100) and W(111) surfaces.
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