Selective trapping of positrons by Ag
nanolayers in a V/Ag multilayer system
Cite as: AIP Advances 10, 035012 (2020); https://doi.org/10.1063/1.5143379
Submitted: 23 December 2019 • Accepted: 20 February 2020 • Published Online: 11 March 2020
N. Qi, H. X. Zhang,

Z. Q. Chen, et al.

ARTICLES YOU MAY BE INTERESTED IN
Transparent thin film transistors of polycrystalline SnO2−x and epitaxial SnO2−x
AIP Advances 10, 035011 (2020); https://doi.org/10.1063/1.5143468
Budgeting the emittance of photoemitted electron beams in a space-charge affected
emission regime for free-electron laser applications
AIP Advances 10, 035017 (2020); https://doi.org/10.1063/1.5129532
Maximum deformation of charged dielectric droplets
AIP Advances 10, 035013 (2020); https://doi.org/10.1063/1.5145434

AIP Advances 10, 035012 (2020); https://doi.org/10.1063/1.5143379
© 2020 Author(s).

10, 035012

AIP Advances

ARTICLE

scitation.org/journal/adv

Selective trapping of positrons by Ag nanolayers
in a V/Ag multilayer system
Cite as: AIP Advances 10, 035012 (2020); doi: 10.1063/1.5143379
Submitted: 23 December 2019 • Accepted: 20 February 2020 •
Published Online: 11 March 2020
N. Qi,1 H. X. Zhang,1 Z. Q. Chen,1

F. Ren,1,a)

B. Zhao,2 M. Jiang,3,a) and A. Uedono4

AFFILIATIONS
1

Hubei Nuclear Solid Physics Key Laboratory, Department of Physics, Wuhan University, Wuhan 430072, People’s Republic
of China
2
School of Science, Zhongyuan University of Technology, Zhengzhou 450007, People’s Republic of China
3

Department of Nuclear Engineering and Technology, School of Energy and Power Engineering, Huazhong University of Science
and Technology, Wuhan 430074, People’s Republic of China

4

Division of Applied Physics, Faculty of Pure and Applied Science, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

a)

Authors to whom correspondence should be addressed: fren@whu.edu.cn and jiangm@hust.edu.cn

ABSTRACT

V/Ag nano-scaled multilayers were prepared by using a magnetron sputtering deposition method. Each layer of Ag and V has a thickness of
about 6 nm, and the total thickness of the multilayer film is 350 nm. Doppler broadening of annihilation radiation was measured by using
a slow positron beam to study the microstructure of the above samples. It was found that the Doppler broadening S and W parameters
measured in the V/Ag multilayers were close to those measured in the Ag reference sample. Coincidence Doppler broadening measurements
also showed that the electron momentum distributions in V/Ag multilayers and Ag monolayer were almost identical. This suggests that Ag
has a strong affinity to positrons, and almost all the positrons ejected into the multilayers are confined to the Ag nanolayers. Theoretical
calculations indicate that the positron wavefunction is well localized in the Ag nanolayer even for a layer thickness of only 1 nm.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5143379., s

I. INTRODUCTION
Nuclear energy has become more and more important in the
energy constituents of the future world. However, the materials in
nuclear reactors are always subjected to severe irradiation by various
energetic particles such as neutrons, α particles, and other fragments
generated in fission and fussion nuclear reactions. The collision of
these high energy particles with target atoms produces a large number of vacancies and interstitials, and these defects further agglomerate to form dislocation loops, stacking-fault tetrahedra, and even
cavities.1 The interaction of helium with defects such as dislocations,
voids, or grain boundaries also leads to the generation of helium
bubbles.2,3 Therefore, the long-term irradiation causes swelling and
embrittlement as well as irradiation hardening of materials, which
leads to the degradation of the performance of materials and affects
the safety of nuclear reactors. The design of novel materials with
superior irradiation resistance has become an urgent project.

AIP Advances 10, 035012 (2020); doi: 10.1063/1.5143379
© Author(s) 2020

It was revealed that grain and interphase boundary can be effective sinks for point defects introduced by irradiation and, thus, significantly improve irradiation tolerance of materials.4–12 Nanocrystalline materials contain large amounts of grain boundaries, which
are good candidates as irradiation resistive materials in nuclear reactors. These boundaries are supposed to enhance the recombination
of vacancies and interstitials introduced by irradiation.8 The smaller
the grain size, the larger the volume fraction of grain boundary
and, thus, the better the irradiation resistance. Therefore, one way
to improve the irradiation tolerance of materials is to decrease the
grain sizes. This has been verified in various metals such as Fe, Ni,
and Au after grain refinement.5,10,13 However, for these pure metals, the nanograins grow substantially during irradiation. Therefore,
the grain boundaries decrease, which deteriorates the irradiation
tolerance. The interphase boundaries in immiscible nanocomposites should be a better solution, since the interfaces may remain
unaffected during irradiation.
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The metallic nano-scaled multilayer system has a large proportion of the interface structure that can absorb defects and favor the
defect recovery, and the immiscible interfaces remain stable during
irradiation.14 It is, therefore, an ideal candidate for nuclear reactors,
which has high irradiation tolerance. The most frequently studied
system is the Cu–Nb multilayers,7,14–20 which have fcc-bcc interface structures. The other extensively investigated multilayer systems include Cu/V, V/Ag, Cu/W, Cu/Mo, Fe/W, Al/Nb, etc., which
all show excellent irradiation resistance.21–26
In order to understand the mechanism of the irradiation
resistance of multilayer systems, it is necessary to investigate the
microstructural evolution of interfaces during irradiation. Positron
annihilation spectroscopy is a powerful tool to study atomic scaled
defects in materials.27,28 It is very sensitive to the irradiation induced
defects such as vacancies, dislocations, vacancy clusters, helium bubbles, and voids. This method has several advantages over other defect
probes. First, it can detect vacancies on an atomic scale, which
is difficult for other methods. Transmission electron microscopy
(TEM) has difficulties in detecting point defects such as vacancies
and vacancy clusters. Even for helium bubbles, the detection limit
of TEM is about 1 nm.29,30 Second, since a positron is positively
charged, it is repelled by the positive ion cores in a perfect lattice.
If there is a vacancy, the positron is preferentially trapped at this
site. Due to the self-seeking ability of positron, it has outstanding
sensitivity to vacancy defects, which is as high as 10−7 /atom. Third,
positron annihilation is a non-destructive probe, and no complex
sample preparation is needed.
The interfacial regions of a multilayer system can be studied using an energy variable slow positron beam,31 since interfaces are also positron trapping centers. There have been several
reports on the study of interfaces using a slow positron beam. Typical examples are SiO2 /Si interface,32–35 SiO2 /SiC interface,36,37 and
AlOx /SiO2 /Si interface.38 It is thus meaningful to study the detailed
interaction between defects and interfaces by positron annihilation
spectroscopy. However, since the metallic multilayers are composed
of two or more different types of metals, the positron affinity of these
metals is different.39 Therefore, positrons prefer to be confined to
one type of metals.40–42 In other words, positrons are trapped by
some specific metal layer rather than by the interfaces and, thus,
makes the interfaces invisible to positrons. To check this possibility,
we prepared V/Ag nano-scaled multilayers by magnetron sputtering
and studied the microstructural properties by using a slow positron
beam. Our results show clear evidence of positron confinement in
Ag nanolayers.
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The microstructure of the pure V, Ag layers, and V/Ag multilayers was studied by TEM [JEOL JEM-2010(HT), 200 kV] and
scanning electron microscopy (SEM) (FEI SIRION, 25 kV). A slow
positron beam was also used to study the microstructure of V/Ag
layers. The positron energy varies from 0.1 keV to 30 keV. Doppler
broadening spectra of the annihilation radiation were measured as
a function of the incident positron energy using a high purity Ge
detector with an energy resolution of about 1.18 keV at 511 keV.
The recorded spectra were analyzed by the conventional S and W
parameters, which are defined as the relative number of annihilation
events in the central region (511 ± 0.76 keV) and wing region (511
± 3.4 keV to 511 ± 6.8 keV), respectively. Coincidence Doppler
broadening (CDB) spectra were also measured at some selected
positron energies using two Ge detectors in opposite directions.
Each CDB spectrum contains a total count of about 5 × 106 .
Theoretical calculation of positron density in the multilayer
system is performed using the standard atomic superposition
(ATSUP) method.43 To solve the needed electron and positron
densities, we used the conventional scheme of the two-component
density-functional theory, based on the well-established Boronski–
Nieminen parametrization, to calculate the positron–electron correlation potential as well as the enhancement factor of positron
annihilation.44 The positron wave function at the point (k = 0) was
obtained by solving the positron Kohn–Sham equation in reciprocal
space by using the numerical diagonalization technique.
III. RESULTS AND DISCUSSION
Figure 1 shows the cross-sectional scanning electron microscopy
(SEM) images of pure V and Ag layers grown on Si substrates. It can
be seen that the Ag layer shows a layered growth, while the V layer
shows a columnar growth.45 This is in agreement with the previous
results observed by Wei et al.22,46 The thickness for both pure V and
Ag layers was about 500 nm. Figure 2 shows the bright field TEM
image of the V/Ag multilayer. The TEM image confirms the formation of multilayer structures with sharp interfaces. The layers with
bright contrast are V layers, while the layers with dark contrast are
Ag layers. Each V layer and Ag layer has an equal thickness of about
6 nm. About 30 layers of V and 30 layers of Ag were deposited, and
the total thickness of the V/Ag multilayers is about 350 nm. The top
layer is ended by a V layer. Due to the ultrathin layer of V and Ag,
the tendency of the columnar growth of V layers is suppressed.45
Figure 3 shows the S and W parameters as a function of incident
positron energy E (called S–E and W–E curves) measured for the

II. EXPERIMENT AND THEORETICAL CALCULATION
The V/Ag multilayers were deposited on Si (100) substrates by
using a magnetron sputtering system (ULVAC, ACS-4000-C4). V
and Ag nanolayers were deposited alternatively. The vacuum chamber was first evacuated to a base pressure of better than 5 × 10−6 Pa,
then the deposition was performed with a working pressure of
0.5 Pa. The working gas was Ar and the distance between the
target and substrate was kept at 130 mm. Prior to deposition of
V/Ag multilayers, a 10 nm thick V layer was deposited as a buffer
layer, and the top layer was also a V layer to avoid oxidation. Pure
Ag and V layers were also deposited on Si substrates as reference
samples.
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FIG. 1. Cross-sectional SEM image of (a) pure Ag layer and (b) pure V layer.
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parameter begins to increase. This is due to the fact that more
positrons are ejected into the Si substrate when the positron energy
is higher than 11 keV, and the S parameter in Si is obviously higher
than that in the Ag layer.
From the above analysis of the S–E curve for pure Ag layer,
one can find that with increasing positron energy, the positrons
can detect the surface, Ag layer, and Si substrate, successively. This
means that the region sampled by slow positrons can be divided
into several layers. Considering the broad implantation profile and
also diffusion of positrons, for certain incident energy, the positrons
may finally annihilate in different layers. Therefore, at any positron
energy E, the measured S parameter is a linear combination of the S
parameter in each layer,
FIG. 2. Cross-sectional TEM images of V/Ag multilayers. Each V and Ag layer has
a thickness of about 6 nm.

n

S(E) = SS FS (E) + ∑ Si Fi (E),

(1)

i=1

pure V layer, pure Ag layer, and V/Ag multilayers. For pure Ag layer,
the S parameter starts with a value of about 0.490, then it decreases
with increasing positron energy up to about 6 keV. This is due to
the decrease of the chance of positron diffusing back to the surface.
Between 6 keV and 11 keV, the S parameter declines very slightly.
This means that almost all the incident positrons annihilated in
the deep Ag layer without returning back to the surface. In other
words, due to a higher incident energy, positrons are implanted into
deeper regions, which makes them difficult to diffuse back to the surface. Therefore, it is reasonable to deduce that the energy range of
6–11 keV corresponds to positron annihilating in the Ag layer.
When the positron energy increases to above 11 keV, the S

n

FS (E) + ∑ Fi (E) = 1,

where SS and Si are the S parameters at the surface and in the
i-th layer, respectively. The S parameter is assumed to be approximately the same within each layer. The measured S–E curve is then
analyzed by using the VEPFIT program47 by solving the following
one-dimensional diffusion equation:
d2
n(z) − κeff (z)n(z) + P(z, E) = 0,
(3)
dz2
where n(z) is the positron density at distance z from the surface,
P(z, E) is the positron implantation profile at a given energy E, κeff (z)
is the effective escape rate of positrons from the diffusion process,
and D+ is the positron diffusion coefficient.
The positron implantation profile can be well approximated by
the Makhov equation, which is adopted in the VEPFIT analysis,
D+

P(z, E) =

FIG. 3. Doppler broadening (a) S and (b) W parameters as a function of positron
energy measured for the pure V layer, pure Ag layer, and V/Ag multilayers.
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(2)

i=1

mzm−1
z
exp[−( )m ],
z0m
z0

(4)

where z0 = z/Γ(1 + m1 ), Γ is the gamma function, z is the mean
implantation depth of positrons, which can be estimated by the
following equation:
z = AEn /ρ.
(5)
Here, m, n, and A are constants, and ρ is the material density. Generally, the values of m, n, and A are 2.0, 1.6, and 4 × 10−6 g cm−2
keV−1.6 , respectively.47
According to the VEPFIT analysis, the S parameter in the Ag
layer is about 0.462. This is just the S value between 6 keV and
11 keV in the S–E curve of the pure Ag layer. Therefore, it confirms that the flat region of the S–E curve between 6 keV and 11 keV
can be attributed to positron annihilation in the Ag layer. The fitted S parameter in the Si substrate is about 0.535, which is also in
agreement with the S value we measure for Si single crystals. The
Ag layer thickness from fitting is about 413 ± 25 nm, rather closed
to the thickness obtained by SEM measurements. For the pure V
layer, the S parameter remains almost constant in the energy range of
0.1–7 keV. Above this region, it begins to increase and finally reaches
the S value level for the Si substrate. It seems that the S parameter
of the surface state is close to that in the V layer, so we have not
observed the shift of positron from the surface state to the deep bulk
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state. Thus, we do believe that the S parameter in the energy range
of 0.1–7 keV corresponds to the positron annihilation in the V layer.
The S parameter in the V layer is about 0.465 from the VEPFIT fitting. The upper limit of the positron incident energy in the V layer
is much lower than that of the Ag layer. This is due to different densities of these two metals. Ag has a higher density of 10.49 g/cm3 ;
therefore, a higher positron energy is needed to reach the same depth
as in the V layer, which has a lower density of 6.11 g/cm3 . For the
V/Ag multilayers, the S–E curve resembles that of the pure V layer.
The S parameter at the surface state is around 0.466, which is close to
that of the V layer. This is because that the top layer of the V/Ag multilayers is terminated by the V nanolayer. The S parameter shows a
slight decrease with an increase in the positron energy of up to 2 keV,
and then, it remains constant in the energy range of 2–8 keV, due to
the positron annihilation in V/Ag multilayers. The S parameter in
the multilayers is about 0.463.
The S parameters for pure V layer, pure Ag layer, and V/Ag
multilayers are very close to each other, and the S–E curve for V/Ag
multilayers looks like that of the V layer. This might cause a misunderstanding of the results, it seems that positrons prefer to stay
inside the V layers in the multilayer system so that the S–E curve
is similar to that of the V layer. However, we can further check the
W–E curves for these three samples as shown in Fig. 3(b). For V/Ag
multilayers, the W parameter near the surface stays still the same as
that of the V layer. However, the whole W–E curve for V/Ag multilayers is different from that of the V layer. Instead, it is closer to that
of the Ag layer. Especially, the W parameter in the V/Ag multilayers (2–8 keV) is very close to that of the Ag layer (6–11 keV). The
individual S and W parameters for these three samples are summarized in Table I. It is clear that both S and W parameters for V/Ag
multilayers remain almost the same as those in the pure Ag layer.
The variation of parameters S vs W (S–W curve) with increasing positron energy for each sample can give more complementary
information on the positron annihilation behavior. Figure 4 shows
the S–W curves for these three samples. For the pure V layer, the
S–W curve can be fitted by a straight line, and with increasing
positron energy, the S–W data move from the V layer to the Si substrate. The surface state is indistinguishable from the bulk state of V.
For the pure Ag layer, the S–W curve can be fitted by two different
lines. The S–W data start from the surface state at (0.4906, 0.0725),
and move toward the (S, W) value of Ag (0.465, 0.105), then move
to the Si substrate (0.535, 0.04). As for the V/Ag multilayers, one can
use two lines to fit the S–W data. The S–W curve starts from the
same surface state of the pure V layer, and with increasing positron
energy, it moves to the Ag state, then deflects to the Si substrate.
This implies that at an energy range of 2–8 keV when positrons are
ejected into the V/Ag multilayers, the positrons prefer to stay at Ag
nanolayers and annihilation also happen there.

scitation.org/journal/adv

FIG. 4. Change of S vs W parameters with increasing incident positron energy
measured for the pure V layer, pure Ag layer, and V/Ag multilayers.

For the incident positron energy in the range of 2–8 keV, all the
positrons are ejected in the Ag nanolayers and annihilate therein.
This possibility, however, is extremely small, since positrons have a
broad implantation profile. We calculated the positron stopping profile in pure V and Ag with an incident energy of 2 keV, 5 keV, 10 keV,
and 15 keV by using the Makhov equation in Eq. (4). The results are
plotted in Fig. 5. It can be seen that for a medium energy of 5 keV,
the positron implantation profile covers a depth range of more than
100 nm for either V or Ag layer, which is almost 20 nanolayers. This
means that even for positrons with the same incident energy, they
are distributed in both V and Ag nanolayers. The same annihilation
S and W parameters in V/Ag multilayers as those in the pure Ag

TABLE I. Doppler broadening S and W parameters in pure V film, pure Ag film, and
V/Ag multilayers.

Sample

S parameter

W parameter

V film
Ag film
V/Ag multilayer

0.465 ± 0.001
0.462 ± 0.001
0.463 ± 0.001

0.0835 ± 0.0004
0.1054 ± 0.0004
0.1075 ± 0.0004

AIP Advances 10, 035012 (2020); doi: 10.1063/1.5143379
© Author(s) 2020

FIG. 5. Positron implantation profiles at selected energies in (a) Ag and (b) V
calculated using the Makhov equation.
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layer just implies that positrons may get trapped in Ag nanolayers
even when they are ejected in V nanolayers.
To confirm the positron trapping by Ag nanolayers, we also
measured the coincidence Doppler broadening (CDB) spectra for
the pure V layer, the pure Ag layer, and the V/Ag multilayers. The
positron incident energies for these three samples are chosen to be
5 keV, 10 keV, and 6 keV, respectively. Figure 6 shows the CDB spectra. It can be seen that the CDB curve of V/Ag multilayers completely
overlaps with that of the pure Ag layer, while diverging from that of
the pure V layer. In order to magnify this difference, we calculated
the ratio curve of the CDB spectra. The reference sample is a pure V
layer. As can be seen in Fig. 7, the CDB ratio curve of the pure Ag
layer with respect to the pure V layer has a broad peak in the high
momentum region. The center of this peak is around 15 × 10−3 m0 c.
For V/Ag multilayers, the CDB ratio curve shows a similar broad
peak, indicating that almost all the positrons are confined to the Ag
nanolayers.
It has been revealed that positrons can be trapped by quantumdots like nanoclusters, such as solute clusters in alloys,40 due to
stronger affinity of the solute atom than that of the host atom. In
the multilayer sample, the positron affinity for Ag is about −5.36 eV,
which is much stronger than that of V (−3.44 eV).39 According to
the theoretical prediction, the minimum radius of nanoclusters that
trap positrons can be estimated by the following formula:39
3.1
,
r(Å) = √
ΔA+ (eV)

(6)

FIG. 6. CDB spectra measured for (a) pure V layer and V/Ag multilayers and (b)
pure Ag layer and V/Ag multilayers.
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FIG. 7. Ratio curve of the CDB spectra measured for the pure Ag layer and V/Ag
multilayers with respect to the pure V layer.

where ΔA+ is the difference of positron affinities between the solute
atom and the host atom. As for the V/Ag multilayers, ΔA+ is about
1.92 eV, so the minimum diameter for Ag clusters to trap positrons
is about 0.9 nm. For a layered structure, the minimum thickness for
Ag nanolayers to trap positrons should be around 0.9 nm or even
smaller. Since the Ag nanolayer thickness is about 6 nm in this study,
it is thick enough to trap positrons. As long as the positron diffusion
length in V is longer than the V nanolayer thickness (6 nm), it can
diffuse to the adjacent Ag nanolayers and get trapped there.
In order to further verify the positron locations in Ag nanolayers, we calculated the positron wavefunction in the V/Ag multilayers. We constructed an ideal V/Ag multilayer structure with one Ag
layer sandwiched between two V layers. The thickness of the Ag layer
is about 1 nm, which is close to the minimum size of Ag clusters to
trap positrons according to Eq. (6). Figure 8 shows the constructed
V–Ag–V layered structure and the calculated positron wavefunction. One can find that the positrons are well localized in the Ag
layer, and the positron density in the V layer is almost negligible.
The lifetime of positrons trapped in the Ag layer was also calculated,
which is presented in Table II together with that in pure V and Ag.
For pure V and Ag, the calculated positron lifetimes are 115.5 ps and
123.7 ps, respectively, which are very close to the values of 115 ps
and 124 ps calculated by others.48,49 The experimental values of the
positron lifetime in V and Ag are 130 ps and 133 ps, respectively.50,51
There is a small difference between the theoretical and experiment
values. However, it is clear that the positron lifetime in V is shorter
than that in Ag. For the constructed V–Ag–V multilayers, the calculated positron lifetime is about 124 ps, which is almost the same as
that in pure Ag. Therefore, our calculation confirms that positrons
can be selectively trapped by the Ag layer even though the thickness
is as small as 1 nm.
Since it is the interfaces in the multilayer system that plays an
important role in enhancing irradiation resistance, more attention
should be paid to the interface engineering. However, in the present
V/Ag multilayers, no interface is detected by the energy variable slow
positron beam. This is apparently due to the selective trapping of
positrons by Ag nanolayers; thus, the interfaces between Ag and
V layers become invisible to positrons. There is another possibility, i.e., the interfaces might not be an effective trapping center for
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FIG. 8. (a) Constructed V–Ag–V three
layer structure (gray and blue spheres
represent V and Ag atoms, respectively);
(b) positron wave function in the V–Ag–V
multilayer.

TABLE II. Calculated positron lifetime in pure V, pure Ag, and V/Ag multilayers.

Sample
V
Ag
V/Ag

Our calculation (ps)

Previous (ps)

Expt. (ps)

115.5
123.7
124.7

11548,49
12448,49
...

13050
13351
...

positrons. A deliberate design of the sample structure is needed to
check whether interfaces can be detected by positrons. For example, it is desirable to fabricate multilayers in which the individual
metal layer has similar positron affinity, so the interfaces can be a
trapping center of position. It is also worthwhile to vary the periods
of the multilayers to check the competition among interfaces and
individual nanolayers, such as the Ag layer in the V/Ag system.
IV. CONCLUSION
The microstructure of V/Ag multilayers was studied by
positron annihilation spectroscopy using a slow positron beam.
Doppler broadening S and W parameters measured in V/Ag multilayers were very close to those measured in a pure Ag layer, suggesting that positrons preferentially get trapped in Ag nanolayers.
Furthermore, coincidence Doppler broadening spectra and the ratio
curve measurements for V/Ag multilayers coincide well with those
for a pure Ag layer. The results suggested that Ag nanolayers have
a stronger ability than an interface to trap positrons. Further work
about the effect of the V/Ag layer thickness on the confinement of
positrons is under consideration.
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