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Abstract: CuzpAlyy and AgzgAlyy multilayer precursor films were prepared by magnetron sputtering,
respectively. Then the nanoporous Cu/Ag multilayer composite films were successfully prepared
by selecting the appropriate HySO4 solution as the dealloying solution. It was found that the
nanoporous structure was stable in the dealloying solution. The morphology and structure of
nanoporous multilayer films are mainly related to the phase composition of precursors. The structure
of nanoporous multilayers can be simply regarded as the superposition of single-layer structures. Our
work shows that nanoporous multilayers can be well-prepared by magnetron sputtering combined
with dealloying.
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1. Introduction

Structural materials used in advanced nuclear reactors are required to endure neutron
irradiation up to several hundred displacements-per-atom (dpa). The residual defects
induced by high-density irradiation lead to the change of the microstructure of the material
and then degrade its mechanical properties [1,2]. It is a common and effective method
to improve the radiation resistance of materials by introducing various types of defect
sinks to absorb the defects produced by irradiation and thus reduce the defect concentra-
tion [3,4]. Dislocation networks [5,6], grain boundaries [7], twin boundaries [8,9], phase
boundaries [10], free surfaces [11], small precipitates [12] and voids [13] can be used as
defect sinks. Oxide dispersion strengthened (ODS) steels are typical radiation-damage-
resistant materials designed with a large number of grain boundaries, phase boundaries
and precipitates, and have excellent high temperature creep resistance and chemical stabil-
ity [14]. Nanocrystals have abundant grain boundaries, which effectively reduce the size
and density of defect clusters and the density of helium bubbles (He) [15-17].

Nanoscale metallic multilayer films, which have higher radiation tolerance than the
counterpart, are generally composed of different metal layers alternately [18-20]. With the
decrease of individual layer thickness, the volume fraction of interfacial area increases, and
thus the absorption sinks of radiation-induced defects increase and the radiation resistance
of materials increases [21]. Nanoscale multilayer films with desired mechanical, electrical,
optical and magnetic properties can be tailored by adjusting the interface type, density
and film thickness [22-25]. Chen et al. prepared two types of Cu/Fe multilayers with
incoherent interface of face-centered cubic/body-centered cubic (FCC/BCC) structure
and coherent interface (FCC/FCC) on single crystal Si substrate by magnetron sputtering,
respectively [26]. The results showed that these two different types of interfaces can
effectively reduce the irradiation damage. The incoherent interface was stable and clear,
and the He bubble density was significantly reduced after irradiation. The coherent
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interface greatly reduced the average size of He bubbles and reduced the irradiation
swelling as well, indicating the coherent multilayer film is also an excellent irradiation-
resistant material. However, the improvement of radiation resistance of multilayer films is
limited as it depends only on the interfaces as the defect sinks. Wang et al. [27] prepared
Cu/Ag multilayers with FCC/FCC structure by accumulative roll bonding (ARB) approach.
Their work showed that although multilayer interfaces are still in high density, they appear
to be somewhat insufficient to heal the radiation-induced vacancies and interstitials.

Nanoporous (NP) metals have the characteristics of both metal and porous materials,
and have been studied in catalysts [28], energy storage [29] and surface-enhanced Raman
scattering substrates [30]. Dealloying has been widely used in the preparation of various
NP metal materials because of its simple process, low cost and easy control. Melt spinning
and arc melting are the most commonly used methods to prepare precursors [29,31]. The
preparation of precursors by magnetron sputtering has been extensively studied [32]. The
previous studies showed that abundant free surface of NP metals can be used as both
defect absorption sinks and gas-atom release sites, indicating an irradiation resistance
potential [32,33]. Sun et al. prepared precursor Agy3Cuyy film by magnetron sputtering
and then obtained NP-Ag by dealloying. In situ observation showed that the irradiation-
induced SFTs, dislocation loops and dislocation segments were removed by the free surface
in NP-Ag [34].

As the nanoscale multilayer material has large volume fraction of interfacial area
and nanoporous material has plenty of free surface, we speculate that integrating these
two materials may further improve the radiation damage resistance of the materials.
Magnetron sputtering is not only a convenient method to prepare multilayer films, but
also an effective method to prepare NP precursors. It is expected to successfully prepare
nanoporous multilayers with both multilayer phase interface and free surface. Other
precursor preparation methods are difficult to prepare multilayer structures. In addition,
the magnetron sputtering technology is easy to operate, the film thickness is accurately
controlled, and the element type and proportion can be adjusted at will, making it easier to
achieve the design purpose. We have shown the possibility of preparing bilayer nanoporous
copper films in our previous work [11]. Au, Pt, Pb, Ag and Cu are the most common metals
with nanoporous structure prepared by dealloying. Compared with other elements, Ag and
Cu have great cost advantages in experiment and practical application. Secondly, Ag and
Cu are immiscible, and the multilayer structure will have stable layer interfaces. Finally,
the precursors commonly used to prepare nanoporous Ag and Cu are Ag-Al and Cu-Al
respectively, which have the same active element Al, which is conducive to the selection of
dealloying solution [35-37].

In this study, the precursor films of Ag-Al and Cu-Al were prepared by magnetron
co-sputtering. NP-Ag and NP-Cu films were prepared by dealloying in the H,SO4 solu-
tion, respectively. On this basis, Ag-Al/Cu-Al bilayers and multilayer precursor films
were successfully prepared, and NP-Cu/Ag bilayers and multilayer films were obtained
by dealloying.

2. Materials and Methods

Cu-Al and Ag-Al alloy precursor films were prepared on Si (100) substrates by mag-
netron co-sputtering. The target materials used in the experiment were Cu target (99.99%),
Ag target (99.99%), Al target (99.99%) and Cr target (99.99%) (Beijing Goodwill Metal
Technology Co., Ltd., Beijing, China). Cr target was used to deposit Cr thin film as a buffer
layer to enhance the adhesion between the films and the substrate. The Si substrates
were cleaned successively with hydrofluoric acid solution and anhydrous ethanol prior to
deposition to remove the oxides and dust on the substrate surfaces and keep the surfaces
clean. Before deposition, the base pressure of reaction chamber was lower than 1 x 10~ Pa.
Argon was kept flowing into the chamber at a flow rate of 50 sccm, and the argon partial
pressure was kept at 1.8 Pa. The substrates were rotated at the speed of 20 rpm to ensure
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the homogeneity of the thin films in an area of 6 cm in diameter. The substrate temperature
was kept at ambient temperature during sputtering.

CugpAlyg and AgsgAlyg alloy precursor films with thickness of about 600 nm were
deposited on the substrate by adjusting the power of the target and the deposition rate to
control the composition of the films. The thickness of films was measured by the Bruker
Dektak-XT (Bruker, Madison, WI, USA) stylus profiling system. An RF source was selected
for Cu target and Ag target, respectively, and the DC source was selected for Al target,
so that Cu target and Al target could be co-sputtered at the same time, and Ag target
and Al target could be co-sputtered at the same time. The RF power of Cu target was
100 W, the RF power of Ag target was 45 W, and the DC power of Al target was 300 W.
The deposition rate for Cu film and Ag film was 0.1 nm/s and for Al target was 0.3 nm/s.
The deposition rate was obtained by measuring the thickness of thin film deposited at
certain time. The deposition time for single-layer precursor was 25 min and for multilayer
precursor was 55 min. The distance and the angle between target and substrate were
105 mm and 30°, respectively.

Energy Dispersive X-ray spectroscopy (EDS) measurements confirmed that the el-
ement composition of the precursor films was consistent with the requirements of our
design. In addition, CuzpAlyy/AgsoAlyg multilayer precursor films with a total thickness
of about 1.3 um were prepared after 55 min under the same conditions.

The dealloying of all the alloy precursor films was carried out in 2 M H,SO4 aqueous
solution at room temperature at different times. The reaction vessel was sealed during
dealloying. When reaching the desired etching time, the samples were taken out and rinsed
in ultrapure water and absolute ethanol for three to four times to remove the residual
sulfuric acid, and then dried with a nitrogen gun. All dealloying experiments were carried
out in the fume hood. The samples preparation process is illustrated in Figure 1.
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Figure 1. Preparation of precursor films by magnetron co-sputtering and preparation of NP-Cu,
NP-Ag films and NP-Cu/Ag multilayer films by dealloying in sulfuric acid.
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The microstructures and the thickness of the as-deposited and as-dealloyed films were
characterized by scanning electron microscopy (SEM) using FEI NanoSEM 430 microscope
(FEI, Hillsboro, OR, USA) operating at 15 kV. The phases of the films before and after deal-
loying were identified by X-ray diffraction (XRD) (PANalytical, Almelo, The Netherlands)
using a Cu K« radiation on a PANalytical Empyrean. The grazing incidence mode was se-
lected and the incidence angle was set to 1.5°. The element composition and distribution of
the films were performed by energy dispersive X-ray spectroscopy (EDS) on FEI NanoSEM
430. The grain sizes of the precursor films were measured by a program, Nanomeasure. The
morphologies of the NP films were characterized by analysis of plane SEM images taken
from surfaces by Automatic Quantitative Analysis of Microscopy Images (AQUAMI) [38].

3. Results and Discussion
3.1. Preparation of Single Layer NP-Cu and NP-Ag Films

It is well known that dealloying solution will affect the porous structure and liga-
ment size of NP metals. For NP-Cu/Ag multilayer structure, it is critical to design the
optimal type, concentration and corrosion time of dealloying solution so that each layer
of precursor can form NP structure. High stability of each layer in dealloying solution is
another requirement.

In most experiments, NP-Ag was prepared by etching Ag-Al precursor in HCI solu-
tion [36,37,39]. However, the halogen anions contained in HCl acid solution can accelerate
the diffusion of noble elements and coarsen the ligaments of NP materials [35]. In our pre-
vious work, we found that HCl solution corrodes Ag-Al precursors to form coral structure
rather than porous structure. Therefore, HCl solution was not suitable for our sample sys-
tem. NP-Cu is usually prepared by dealloying Cu-Al precursors with NaOH solution [35].
However, Ag-Al alloy (Ag content of 15-50 atom%) cannot be completely dealloyed in
NaOH solution and many cracks appear [39]. Therefore, NaOH solution could not be
used. The results show that both Ag-Al and Cu-Al precursors can be mildly dealloyed and
form a typical NP structure in the H,SOy solution without halogen anions. Therefore, 2 M
H,S04 was selected as the dealloying solution.

Figure 2a,d shows the plan-view SEM images of as-deposited CuzyAlyg and AgzgAlyg
precursor thin films. Their cross-sectional SEM images are shown in the insets in Figure 2a,d,
respectively. Figure 2a,d shows that the surfaces of the two films are flat without holes
and cracks. The structure of CuzpAlyp film (Figure 2a) grows into columnar grains with
a high aspect ratio, and the in-plane grains are relatively smooth polygons. This is because
Cu and Al co-sputtering reduces atomic mobility, and the anisotropy of nucleation energy
and growth rate leads to film coalescence and thickening [40]. The statistical grain size is
59 + 14 nm.

As-deposited AgspAly film (Figure 2d) is mainly composed of small granular and
columnar morphology. The granular structure on the surface of the film is polygonal
with sharp edges. This is consistent with the two-dimensional growth structure where
Ag and Al atoms are approximately infinite surface diffusion, in which the new crystal
nucleates periodically on the surface of the growing crystal [41]. It is also observed from
the cross-sectional view that the edge surface of AgsyAlyy film is coarser than that of
CU30A170 film.

Figure 2b,e shows the plan-view SEM images of NP Cu and NP Ag after dealloying
CuzpAlyy and AgsgAlyg precursor films, respectively. Their corresponding cross-sectional
SEM images are shown in the insets in Figure 2b,e, respectively. Both NP films were
prepared by dealloyed in 2 M H,;SOy solution at room temperature. NP-Cu films were
dealloyed for 130 min and NP-Ag films for 240 min. The details to choose the appropri-
ate dealloying time for preparing NP-Cu and NP-Ag can be found elsewhere [42]. The
results show that both NP-Cu and NP-Ag films have uniform and open three-dimensional
continuous interpenetrating ligaments and nanopore structures.

AQUAMI software extracts the information of SEM images and then automatically
segments, measures and analyzes them. Figure 2¢ f is the bright and dark segmentation
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mask images after AQUAMI treatment for Figure 2b,e, respectively. The darker phase is the
pore space. NP-Cu films formed isotropic nano pore structure, with average ligament size
of 46 &= 16 nm, average pore size of 24 + 8 nm and surface areal porosity of about 26%. NP
Ag film forms a partial anisotropic channel nanopore structure. Figure 2e of plan-view SEM
shows that there are many independent single circular ligament tips (e.g., as shown in the
blue circle). The average ligament size is 47 £ 13 nm, the average pore size is 31 £ 12 nm,
and the surface areal porosity is about 44%. We speculate that the rapid diffusion and
recombination of Ag makes the NP Ag membrane retain the columnar structure of some
precursor membranes.

Figure 2. SEM images of the as-deposited Cu-Al and Ag-Al precursor films and the as-dealloyed NP-Cu and NP-Ag
films. Plan-view SEM images of the as-deposited (a) CugpAlyg and (d) AgzpAlyg film. Plan-view SEM images of the as-

dealloyed (b) NP-Cu and (e) NP-Ag films. (c,f) are the bright and dark segmentation mask images generated by (b,e) read

by AQUAMI software, respectively. The insets in (a,b,d,e) are the corresponding cross-sectional SEM images of films.

3.2. Phase Composition of Monolayer Precursor Films CuzgAlyg and Ag3pAlyg and Monolayer
NP-Cu and NP-Ag Films

In order to study the changes of phase structure before and after dealloying, XRD
was used to characterize the phase structure through small angle grazing incidence. For
thin film materials, the grazing incidence mode can increase the detection path of X-ray
in the thin film materials, obtain more film information and avoid the peak position of
single crystal Si substrate. Figure 3 shows the XRD diffraction patterns of as-deposited
CugpAlyg and AgspAlyy precursor films and NP-Cu and NP-Ag films, respectively. The
phase identification was carried out by HighScore software (version 4.7). The results
illustrate that two phases were observed in CuggAlyy precursor films: Al; ggpCug 1081 phase
with Rhombohedral structure (represented by R (hkl)) and Al,Cu phase with Tetragonal
structure (represented by T(hkl)). The diffraction peaks R (330), R (606), T (200), T (211), T
(112), T (310) and T (222) can be seen obviously. After dealloying, NP-Cu films are mainly
composed of Cu phase. All the peaks of Al ggpCug 1081 disappear. The peak at 47.62 degrees
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of Al,Cu still exists, indicating that there is still a small amount of CuAl, phase, and some
Al atoms exist in NP-Cu film. But it has little effect on the shape and structure of NP-Cu.

& CuAl, ® g-Al(Ag)
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Figure 3. XRD results of the as-deposited CuggAlyy and AgsgAlyg precursor films and as-dealloyed
NP-Cu and NP-Ag films, respectively. The XRD patterns are identified by the database: Cu (PDF#00-
004-0836), Alz g9pCug 1081 (PDF#00-019-0010), Al,Cu (PDF#00-002-1309), Ag, Al (PDF#00-014-0647)
and Ag (PDF#00-004-0783).

Combined with the diffraction peak intensity, two phases were observed in the
AgsyAly precursor film: the solid solution with FCC structure (represented by F (hkl))
x-Al (Ag) phase and intermetallic phase Ag, Al with Hexagonal structure (represented by
H (hkl)). The diffraction peaks of F (111), F (200), F (220) and H (101) are obvious. Solid
solution -Al (Ag) phase is the main phase, and intermetallic phase Ag,Al has a small
amount. After dealloying, NP-Ag films have a single Ag phase. Since all element Al in
NP-Ag is dissolved, the porosity of NP-Ag films is higher than that of NP-Cu films.

The structural differences between NP-Cu films and NP-Ag films are mainly reflected
in these three points: Firstly, the ligament size of the two NP films is almost the same,
but the pore size and porosity of NP-Ag films are much larger than that of the NP-Cu
membrane. Secondly, the ligaments of NP-Ag films are long and the surface looks smooth,
while the ligaments of NP-Cu films seem to be unable to count the length and the surface is
rough. Finally, the cross-sectional SEM image shows that the pore structure of the NP-Cu
film is isotropic, while NP-Ag exhibits anisotropic channel pore structure.

The structure of NP films is largely related to the crystal structure and phase composi-
tion of precursors. In this study, the precursor CuzgAly films have an obvious anisotropic
columnar structure, while the nanopores of the dealloyed NP-Cu films are uniform and
isotropic. The precursor AgzgAly films are mainly composed of small particles, but the
NP-Ag films show anisotropic channel pore structure. The nanopore structure of these
two NP films is not related to the crystal structure of the precursor, so we believe that the
phase composition of the precursor is the main factor affecting the structure of NP films.
In the process of dealloying, NP-Cu films always contain Al,Cu phase, which affects the
diffusion and migration of Cu, resulting in rough ligament surface. Moreover, since some
Al atoms remaining in NP-Cu will occupy part of the volume, NP-Cu in Figure 2b has
smaller pore size and lower surface porosity. The precursor AgsgAlyg films of NP-Ag are
mostly solid solution x-Al (Ag) phase, and «-Al (Ag) phase is easier to dealloy [43], so
Al dissolves and silver diffusion proceeds quickly. Subsequently, the remaining Ag, Al is
dealloyed to form a channel pore structure.
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3.3. Preparation of Nanoporous Cu/Ag Multilayer Films

Magnetron sputtering is an effective means to prepare multilayer composite films. The
high controllability of species and proportion of elements, the number of film layers and
the thickness of a single layer is conducive to our exploration of the feasibility of preparing
NP multilayer composite films. The successful preparation of single layer NP-Cu films and
single layer NP-Ag films proves that H,SO4 solution is expected to be used as a dealloying
solution for the preparation of NP-Cu/Ag multilayers. Therefore, the combination of
dealloying and magnetron sputtering could be a feasible method to prepare NP-Cu/Ag
multilayer composites.

Figure 4 shows the SEM images of multilayer precursor films and NP Cu/Ag multi-
layer films prepared by dealloying in H,SOj4 solution for 360 min at room temperature, and
EDS images characterize the element distribution of multilayer precursor films. Figure 4a
shows the internal cross-sectional SEM image of CuggAlyg/AgspAlyg multilayer precursor
films, with a total film thickness of about 1.3 um. It can be found that the grain morphology
of CugpAlyg and AgspAly) in the multilayer films is consistent with that of the previously
prepared single-layer films. CuggAly film has columnar crystal structure, and AgsgAlyg
film is composed of small particles and columnar structure. The structure of the two
precursors is not affected by the number of film layers. Figure 4c,d shows the EDS image of
multilayer precursor films. It can be seen that the interlayer interface between multilayer
films is relatively clear and the elements of two precursor do not diffuse each other. As a
result, the structures of the two precursors do not affect each other, which is convenient to
study the Cu/Ag interface.

,‘ ;. ,.‘.”. - B

Figure 4. Cross-sectional SEM images of (a) the Cu/Ag precursor multilayer films and (b) as-dealloyed NP-Cu/Ag multi-
layer films. EDS element distribution image of Cu/Ag precursor multilayer films: (c) Al, (d) Cu and (e) Ag. (f) Plan-view
SEM image of NP-Cu/Ag multilayer films. (g) The bright and dark segmentation mask images generated from (f) by

AQUAMI software.

Figure 4b,f shows the cross-sectional and plan-view of NP-Cu/Ag multilayer films,
respectively. Figure 4g shows the bright and dark segmentation mask image obtained
after Figure 4f processing by AQUAMI software (version 1.0). The results show that NP
NP-Cu/Ag multilayer films with rich free surfaces and multilayer phase interfaces were
successfully prepared. The average ligament size of the top NP-Ag is 50 £ 15 nm, the
average pore size is 36 £ 13 nm, and the porosity is about 43%. Compared with the single
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layer NP-Ag films with ligament size of 47 & 13 nm, although the dealloying time was
increased by 120 min, the ligament was hardly coarsened, which further proved that the
H,SOy solution was very suitable to dealloy them.

Similar to multilayer precursors, the morphology of NP-Cu and NP-Ag films in each
layer is the same as that of NP films prepared by dealloying single-layer precursors. The
dealloying solution starts from the surface and penetrates internally along the formed
nanopores and film-grain boundaries to complete the dealloying process and form NP
multilayer composite films. The features of NP films provide great convenience for the
design of different types of NP multilayer composite films in the future by selecting
appropriate dealloying solution. The structure of NP multilayer composite films obtained
by dealloying multilayer precursor films prepared by magnetron sputtering can be regarded
as periodic superposition of single-layer NP films.

4. Conclusions

In this paper, single layer precursor films of CuzgAlyy and AgsgAlyy were prepared
by magnetron sputtering. In order to ensure the uniform and stable structure of the
two de-alloyed NP films, the H,SO4 solution is selected as the dealloying solution, and
NP-Cu and NP-Ag films were successfully prepared, respectively. The two NP films
have different morphologies. NP-Cu has isotropic nano pore structure, while NP-Ag
has relatively anisotropic pore structure. Combined with the crystal structure and phase
composition of the precursor, we found that the crystal structure of the precursor cannot
determine the morphology of the final NP film, and the phase composition is the main
factor. On this basis, CuzpAlyy/AgsyAlyy multilayer precursor films were prepared by
magnetron sputtering, and NP Cu/Ag multilayer composite films with rich free surfaces
and phase interfaces were successfully obtained by dealloying in H,SOy solution. The
already formed upper layer nanoporous structure provides enough paths for the dealloying
solution to react with the lower layer. The structure of NP Cu/Ag can be simply regarded
as the periodic superposition of single-layer NP films. Our work shows that nanoporous
multilayers can be well-prepared by magnetron sputtering combined with dealloying. It
should be noted that it is very important to select the appropriate dealloying solution.
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