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Abstract: This article studies two different sputtering
methods for depositing Ag–Mo and Ag–Zr alloy films on
single crystal silicon (Si), flexible polyimide (PI) and
soda-lime glass substrates. The phase structure and the
surface morphology of the Ag–Mo(Zr) alloy films were
characterized by XRD, SEM and EDS. The effects of sub-
strate properties and sputtering methods on the self-
grown Ag particles on the Ag–Mo(Zr) alloy films were
investigated. As the result of the experiment, nanoscale
Ag particles were formed on the surface of Ag–Mo(Zr) alloy
films. However, the size and the number of self-formed Ag
particles on the Ag–Mo(Zr) alloy film on the PI substrate are
significantly different from that on the Si substrate and
glass substrate. This outcome is closely related to the dif-
ferent thermal stress evolution behaviors of the alloy films
on different substrates during annealing.
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1 Introduction

With the increasingly severe service conditions of microde-
vices, the requirements for the performance of the thin-film

materials have gradually increased, leading to extensive
applications such as nonenzyme glucose sensors [1], high-
strength and high-conductivity films [2], antibacterial films
[3], semiconductor interconnect [4], wear-resistant films
[5], packaging film materials [6] and so on. There are
many methods to prepare thin films, such as electrical
deposition [7], arc evaporation [8], wet-laid and spunlace
process [9], arc discharge [10] and son on [11], but these
methods are not suitable for preparing low solid solubi-
lity alloy films. Magnetron sputtering has become an
important method for preparing thin films due to its
fast speed and good uniformity [12]. The alloy films
with low solid solubility prepared bymagnetron sputtering,
such as Cu–Mn [13], Ag–Ta [14], Cu–Zr [15] and Cu–Ag–Cr
[16], are usually in a metastable state, and their atomic
diffusion and stress evolution behavior are easily affected
by external fields [17]. In particular, as the thickness of the
film decreases to the nanometer scale, the atomic diffusion
and migration behaviors of the alloy films under the ther-
mal, electric and stress fields become increasingly promi-
nent [18]. Some researchers have shown that the thermal
stability of pure Cu and Ag films can be improved by adding
a small amount of Zr [19], Cr [20] and Mo [21] elements with
the high melting point. However, when more supersatu-
rated alloy elements are added to the alloy film, the larger
distortion energy and stress in the film may aggravate the
diffusion of atoms [22]. Mo is almost immiscible with Ag at
the room temperature, and we had investigated the effect of
the microstructure of supersaturated Ag–Mo alloy films on
flexible polyimide (PI) substrates by magnetron sputtering
in the previous study [23] and found that numerous Ag
particles were spontaneously grown on the surface of the
as-deposited alloy films [24]. The analysis shows that the
main factors affecting the formation of Ag particles on
the alloy films are alloy element content [25], film thickness
[26] and annealing temperature [27]. In addition to these
factors, the properties of the substrate and the sputtering
method also have an important influence on the micro-
structure of the alloy film [28] and the formation of Ag
particles [29]. Due to the different crystal structure, surface
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morphology and thermal expansion coefficient of different
substrates, the alloy films on different substrates have dif-
ferent evolution behaviors of microstructure and residual
stress during annealing [30]. In addition, alloy films pre-
pared by co-sputtering deposition and composite target
sputtering may have differences in composition unifor-
mity, microstructure and residual stress [31]. Therefore,
the authors applied two different sputtering methods to
prepare Ag–Mo and Ag–Zr alloy films on PI, Si and glass
substrates. The phase structure and surface morphology of
the as-deposited and annealed alloy films were character-
ized by XRD, SEM and EDS. The effects of substrate prop-
erties and sputtering methods on the self-growth of Ag
particles on the surface of Ag–Mo(Zr) alloy films were
investigated.

2 Materials and methods

Composite target sputtering and co-sputtering were applied
to deposit Ag–Mo(Zr) alloy films on flexible PI, single-crystal
Si(100) and soda-lime glass substrates by JCP-350 magne-
tron sputtering machine. Composite target is composed of
three pieces of Mo(Zr) (10mm × 10mm × 1mm, purity
99.99%) on the surface of a pure Ag target (∅ 50mm ×
4mm, purity 99.99%), as shown in Figure 1(a). Figure 1(b)
is a schematic diagramof dual-target co-sputtering. Co-sput-
tering is the simultaneous sputtering of a pure Ag target
(∅50mm × 4mm, purity 99.99%) and a pure Mo(Zr) target
(∅50mm × 4mm, purity 99.99%).

The flexible PI with the thickness of 125 µm produced
by DuPont company, the single-crystal Si(100) and the
ordinary soda-lime glass with the size of 10mm × 10mm ×
1 mm were used as substrates. The acetone, anhydrous
ethanol and deionized water were used to clean the sub-
strates in the ultrasonic cleaning machine for 10min be-
fore deposition and then fixed them on the substrate

holders. The sputtering power (80–120W) was adjusted
to ensure that the films prepared by the two sputtering
methods have the similar composition. The vacuum of
the chamber, working pressure and the flow of argon
are 5 × 10−4 Pa, 0.4 Pa and 45 sccm, respectively. The
distance between the substrate and the target is 7 cm,
and the rotation speed of the substrate table is 30 rpm.
Some samples are placed in a tube furnace to anneal
under the argon protection, and the annealing tempera-
ture was 160–360°C.

The microstructure, morphology and composition of
Ag–Mo(Zr) alloy films were characterized by X-ray dif-
fraction (XRD; Bruker-AXS D8 Advance, Shimadzu Limited,
Kyoto, Japan) (CuK-alpha) andfield emission scanning elec-
tron microscope (FE-SEM, JSM 7800F, JEOL Ltd, Tokyo,
Japan) with energy dispersive spectroscopy (EDS).

3 Results and discussion

3.1 XRD patterns of the Ag–Mo films by
different sputtering methods

Figure 2(a) shows the XRD patterns of the Ag–Mo alloy
films deposited on different substrates by composite target
sputtering. It can be seen that the diffraction peak inten-
sity of the Ag–Mo alloy film on the PI substrate is signifi-
cantly weaker than that on the glass and Si substrates.
Obviously, the Mo(110) diffraction peak of the Ag–Mo
alloy film on the glass is stronger than that on PI and Si
substrates, which indicates that the glass substrate is con-
ducive to the growth of Mo(110) grains. The XRD patterns
of the Ag–Mo alloy films deposited on different substrates
by co-sputtering are shown in Figure 2(b). Evidently, the
Mo(110) diffraction peak of Ag–Mo alloy film on the PI
substrate is consistent with those on the glass and Si

Figure 1: The schematic diagram of sputtering targets: (a) composite target sputtering and (b) co-sputtering.
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substrates, which indicates that compared to the alloy
films deposited by composite target sputtering, the films
prepared on different substrates by co-sputtering have
similar microstructure.

3.2 Morphology characterization of the
Ag–Mo films on different substrates

Previous studies have found that the Ag content and the
film thickness have significant influence on the micro-
structure of Ag–Mo and Ag–Zr alloy films [32]. In the
recent study, it is surprisingly found that the substrate
and the sputtering method also have important effects on
the formation of Ag particles on the Ag–Mo and Ag–Zr
alloy films. Figure 3 shows the SEM images of Ag–Mo
alloy films deposited on different substrates by composite
target sputtering for 5 min and then annealed at 360°C. It
can be seen that many nanoscale polyhedron particles are
formed on the Ag–Mo alloy films. In the previous study on
the microstructure of Mo–Ag [23,24] and Ag–Zr [19] alloy
films, EDS and TEM characterization confirmed that these
polyhedral particles are single crystal Ag particles. Ag par-
ticles can be fabricated by some different methods, and
most of the Ag particles are easy to move and gather,
but difficult to fix on the films. The electron beam litho-
graphy [33], oxidation–reduction [34] and other methods
can fix the Ag particles on the surface of some substrates,
but they are complicated and expensive. The authors can
self-assemble monodisperse Ag nanoparticles on the sur-
face of the alloy film through a simple method. Moreover,
the size and the quantity of these Ag particles are control-
lable, and they are very firmly bonded to the alloy film. It

can be seen from Figure 3(a) that numerous Ag polyhedral
particles were grown on the Ag–Mo alloy film/PI substrate.
Figure 3(b) is an EDS pattern of the Ag–Mo alloy film/PI
substrate, indicating that the contents of Ag and Mo are
50.9% and 49.1%, respectively. Compared with the Ag–Mo
alloy film/PI substrate, Figure 3(c and d) shows that the
number of polyhedral particles formed on the Ag–Mo alloy
film/Si substrate and the Ag–Mo alloy film/glass substrate
are much less than that on the Ag–Mo alloy film/PI sub-
strates, which implied that the microstructure and residual
stress evolution behavior of the Ag–Mo alloy film/PI sub-
strate are more conducive to the growth of Ag particles.

Figure 3(e), (g) and (h) show the surface morpholo-
gies of Ag–Mo alloy films, respectively, deposited on PI,
Si and glass substrates by co-sputtering for 5 min and
then annealed at 360°C. The morphology of the Ag par-
ticles on the three substrates is significantly different
from that of the Ag particles prepared by composite target
sputtering. Numerous particles are uniformly distributed
on the surface of the Ag–Mo film/PI substrate as shown
in Figure 3(e), which can be used as surface-enhanced
Raman scattering substrates. Moreover, large area parti-
cles/films suitable for industrial applications can be easily
prepared by using this method, as long as the coating ma-
chine and target materials are suitable. The EDS pattern of
Figure 3(f) shows that the content of Ag and Mo in the
Ag–Mo alloy film is 51.7% and 48.3%, respectively. How-
ever, the particle morphologies on the Ag–Mo film/Si sub-
strate and the Ag–Mo film/glass substrate have changed
significantly, as shown in Figure 3(g and h). There are
many polyhedral particles, and some vermicular particles
are grown on the Mo–Ag films/Si substrate, as shown in
Figure 3(g). Moreover, it is worth noting that the self-
formation Ag particles on the Mo–Ag films/glass substrate
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Figure 2: The XRD patterns of Ag–Mo alloy films deposited on different substrates by different sputtering methods: (a) composite target
sputtering and (b) co-sputtering.
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Figure 3: Surface morphology of Ag–Mo alloy films annealed at 360°C on different substrates by composite target sputtering:
(a) PI substrate, (b) EDS pattern of (a), (c) Si substrate, (d) glass substrate. surface morphology of the Ag–Mo alloy films annealed at 360°C
on different substrates by co-sputtering: (e) PI substrate, (f) EDS pattern of (e), (g) Si substrate, (h) glass substrate; (i) square resistance of
Ag–Mo films prepared by composite target sputtering, and (j) square resistance of Ag–Mo films prepared by co-sputtering.
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are all vermicular particles as shown in Figure 3(h). The
formation mechanism of these vermicular particles is si-
milar to that of Sn whiskers grown on the surface of the
Cu–Sn alloy [31]. Its essence is that atoms diffuse along the
grain boundary and surface to form Ag particles driven by
the release of residual stress and strain energy. At the same
time, there are also some defects on the surface of some Ag
particles, which leads to the stress gradient inside the par-
ticles. Furthermore, some atoms are extruded to form ver-
micular particles at the defects or edges of the Ag particles
driven by the stress gradient. To compare the electrical
properties of the Ag–Mo films prepared by different sput-
tering methods, the authors tested the square resistance of
the films through four-point probe resistance. In the case of
the Ag–Mo alloy film with the same composition and film
thickness, the square resistance of the alloy film mainly
depends on the grain size, defects and the uniformity of
the alloy film composition in the film. Obviously, com-
paring Figure 3(i)with Figure 3(j), it is found that the square
resistance of the film prepared by co-sputtering is signifi-
cantly lower than that of the composite target sputtering.

3.3 Surface morphology of the Ag–Zr films
on different substrates

The surface morphology of Ag–Zr alloy films on the glass,
Si and PI substrates prepared by composite target sput-
tering after annealing at 260°C is shown in Figure 4(a)–(c).
Obviously, some monodisperse polyhedral Ag particles
have grown on the surface of the alloy films on the three
substrates, and the measurement results show the average
size of the Ag particles on the glass, Si and PI substrates
were 725, 576, and 156, respectively. The number of self-
grown Ag particles on the Ag–Zr film/PI substrates is far
more than those on the glass and Si substrates. Moreover,
the gap between Ag particles on the Ag–Zr film/PI is much
smaller than those on the glass and Si substrates. Figure
4(d)–(f) are the surface morphologies of the annealed
Ag–Zr alloy films on different substrates prepared by co-
sputtering. Figure 4(f) shows a large number of monodis-
perse Ag particles uniformly distributed on the Ag–Zr film/
PI substrate. The EDS pattern shows that the Ag and Zr
content in the alloy film is 85.68% and 14.32%, respec-
tively. Compared with the Ag–Zr film/PI substrate, the
number of Ag particles on the Ag–Zr film/glass substrate
is significantly reduced, and the size of Ag particles on the
Ag–Zr film/Si substrate is significantly decreased. The
main reason for this phenomenon is that different types

of substrates have different crystal structures, roughness,
thermal expansion coefficients and stress release behaviors
[35]. These factors directly affect themicrostructure, thermal
stress and residual stress of the alloy film and further affect
the atoms diffusion of the alloy film during annealing.

3.4 Effect of thermal stress on the formation
of Ag particles on the Ag–Mo(Zr) film on
different substrates

Due to the difference of the thermal expansion coeffi-
cients of the three types of substrates and alloy films,
large thermal stress will be generated in the alloy films
during annealing. We had calculated the thermal stress
of Ag–Mo and Ag–Zr thin films generated during an-
nealing by the following formula [36]:
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αs and αf are the thermal expansion coefficients of the
substrate and film, respectively. T1 is the room tempera-
ture, T2 is the annealing temperature. Ef is the elastic
modulus of the film, νf is the Poisson’s ratio of the film.
Elastic modulus and Poisson’s ratio of Ag–Mo alloy film
are as follows [37]: Ef(Ag) = 76 GPa, Ef(Mo) = 320 GPa,
Ef(Ag–Mo) = 198 GPa, νf(Ag) = 0.37, νf(Ag–Mo) = 0.33, αAg =
19 × 10−6/K, αAg–Mo = 12.5 × 10−6/K, αglass = 7.6 × 10−6/K,
αSi = 5.2 × 10−6/K and αPI = 29.5 × 10−6/K. Calculation
based on equation (1) shows that the thermal stress of
the Ag–Mo film on three substrates can be estimated as
follows: Δσglass ≈ 1.507 × 106ΔT, ΔσSi ≈ 2.157 × 106ΔT and
ΔσPI ≈ −5.024 × 106ΔT. Due to the low Zr content in the
Ag–Zr film, the relevant parameters of the Ag–Zr film
adopt the parameters of the Ag film. The thermal stress
of the Ag–Zr film on three substrates can be estimated as
follows: Δσglass ≈ 1.375 × 106ΔT, ΔσSi ≈ 1.665 × 106ΔT, and
ΔσPI ≈ −1.267 × 106ΔT, as shown in Figure 5.

The thermal expansion coefficient of Si and glass
substrates is significantly smaller than that of the Ag–
Mo(Zr) alloy film, while the thermal expansion coefficient
of PI substrate is significantly larger than that of the
Ag–Mo(Zr) alloy film. As a result, the evolution behavior
of thermal stress of alloy film on rigid substrates is
obviously different from that on flexible substrate [38].
Exactly, the thermal stress of Ag–Mo(Zr) alloy film on the
flexible substrate is compressive thermal stress, while
that on the rigid substrate is the tensile thermal stress.
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The release of compressive thermal stress in the film will
promote the formation of hillocks or particles on the sur-
face of the alloy film [39], which is the main driven force
for the formation of Ag particles on the Ag–Mo(Zr) alloy
film on the flexible substrate. However, the tensile stress
of the Ag–Mo(Zr) alloy films on the rigid substrate is not
conducive to the formation of Ag particles [40]. Based on
the aforementioned analysis, it can be concluded that the
size and the number of Ag particles formed on the Ag–Mo
(Zr) alloy films on different substrates mainly depend on
the substrate properties and sputtering methods.

4 Conclusions

Ag–Mo and Ag–Zr alloy films were fabricated on PI, Si
and glass substrates by composite target sputtering and
co-sputtering. The results show that a great amount of Ag
particles self-grown on the Ag–Mo(Zr) alloy films’ surface
and the quantity of Ag particles on the PI substrate is
significantly more than that on the glass and Si sub-
strates. The reason is that in comparison with the tensile
thermal stress in the Ag–Mo(Zr) alloy films bonded on the
rigid substrates, the release of compressive thermal stress
on the flexible substrate can promote the formation of Ag
particles on the alloy films. In addition, the Ag-Mo(Zr)
alloy film prepared by co-sputtering has uniform element
distribution and fewer defects, which is more conducive
to atomic diffusion to form Ag particles.
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