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Abstract - The special coincidence twin boundary has many
advantageous effects for structural and electronic materials. In
this study, nano-twinned Ag films with a strong (111) preferred
orientation were sputtered on (111) Si substrates with and
without a Ti adhesive layer. For the analyses of nano-twinned Ag
films, the proportion of X3 twin boundaries to the total grain
boundaries was 47.2%, the average twin thickness was 16 nm,
and a maximal indentation hardness of 1.7 GPa can be
measured. The addition of a Ti adhesive layer with a thickness of
0.1 um can effectively reduce the peeling failure of nano-twinned
Ag film on (111) Si substrate. This considerably improved the
reliability of nano-twinned Ag film, and enabled it to be used for
engineering applications.
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1. Introduction

The innovative concept of grain boundary
engineering was proposed by Watanabe [1]. Twin
boundaries have a coherent crystal structure with a X3
coincidence site lattice, which has an interfacial energy
of only 5% of that of the conventional high angle grain
boundaries [2]. The beneficial effects of the twin
structure on the mechanical properties of structural
materials such as Ni-based superalloys [3], austenitic
stainless steels [4], and two-phase brass [5] have been
shown in many reports. In addition, the Hall-Petch
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relation in polycrystalline materials is modified due to
the presence of twins, as reported by Pande et al. [6]. Lu
et al. further found that the high twin density in a pulsed
electrodeposited Cu foil increases the tensile strength to
about 10 times that of conventional coarse-grained Cu
specimens, while its electrical conductivity remains
comparable to that of pure copper [7], [8]. Chen et al.
further reported that the interfacial structure and atomic
diffusion behaviour of grain boundaries in a Cu thin film
are changed by the twins, which improve its durability
against electromigration by one order of magnitude [9].
Since a twin plane has a much lower energy than a
conventional high angle grain boundary, the movement
of this twin boundary at elevated temperature can be
retarded, providing a braking effect on the migration of
grain boundaries around the twinned grains. Therefore,
the grain growth of this material can be suppressed
through the formation of a high density of twins. Chuang
et al. reported that a twinned Ag-8Au-3Pd alloy bonding
wire for IC and LED packages has a grain structure with
superior thermal stability and related material
properties [10].

Recently, Liu et al. fabricated (111)-oriented and
nano-twinned Cu film on a Si substrate by DC
electroplating [11]. Liu et al. also reported that the Cu
seed layer on the Si substrate played an important role
in the regularity of (111)-oriented nano-twinned Cu film
[12]. For the production of a material having a high twin
density, an fcc crystal structure and a low stacking fault
energy (SFE) are key requirements. Among all the fcc
pure metals, Ag possesses the lowest stacking fault
energy, about 22 mJ/m2 [13]. On the other hand, Cu has
amuch higher stacking fault energy (70 mJ/m2) than that



of Ag [14]. It is thus expected that the formation of nano-
twinned Ag film on Si substrate should be easier than
that of Cu film. In fact, Bufford et al. have produced Ag
films with (111) and (110) orientations on (111) and
(110) Si substrates, respectively, by magnetron
sputtering [15]. In their work, the Ag films were
deposited directly onto HF etched Si substrates without
any adhesive layer at the Ag/Si interface. However, our
study showed that directly sputtering an Ag film with a
thickness of greater than 2 pm on a Si substrate resulted
in peeling failure of the Ag film. Therefore, for
engineering applications, additional sputtering of a Ti
adhesive layer before the deposition of Ag film is
necessary to enhance the Ag/Si interface. In addition, it
is required that nanotwin structures can be grown on the
adhesive layer.

2. Experimental

Silver films with thicknesses of 2 um and 9 um
were deposited by magnetron sputtering onto silicon
substrates with a crystal orientation of (111). Certain
specimens were coated with a Ti film with a thickness of
0.1 pm before the sputtering of the Ag film. For the
sputtering process, the chamber was evacuated to
vacuum of 5 x 10-¢ Torr and then filled with argon to 5 x
10-3 Torr. The deposition rates of the Ag and Ti films
were 0.9 nm/s and 0.1 nm/s, respectively, for the
sputtering power of 150 W. After the Ag and Ti films
were sputtered on the (111) Si substrates, the specimens
were prepared for microstructure observations by
focused ion beam (FIB). The crystal orientation of the
surfaces of the sputtered Ag films was identified by X-ray
diffraction (XRD). The cross-sectional microstructure of
the nano-twins in the sputtered Ag films was further
observed with TEM, and the crystal structure was
identified by selected area diffraction (SAD) taken from
the TEM specimens. In addition, the crystal orientation
and the density of the nano-twins were analysed by
electron backscatter diffraction (EBSD). To compare the
cohesion between sputtered Ag films and (111) Si
substrates with and without the Ti adhesive layer, a grid
peeling test and stud pull test were conducted. The
hardness of the Ag film was measured by a nanoindenter.
3. Results and Discussions

Figure 1 shows the microstructure of the cross-
section of a Si/Ag specimen prepared by focused ion
beam (FIB). It can be seen that many Ag columnar grains
grew normal to the (111)-oriented Si substrate. These Ag
grains consisted of a high density of nano-twins piled up
on each other. The XRD spectrum of the sputtered Ag film
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on (111) Si substrate showed a strong Ag (111) peak
with very weak Ag (200) and Ag (311) peaks. However,
it was found that the sputtered Ag film on (111) Si peeled
off easily when the thickness of the Ag film was greater
than 2 pm. This result indicated that the adhesion
between the nano-twinned film and the (111) Si
substrate was insufficient.
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—

Figure 1. Microstructure of nano-twinned Ag film with a
thickness of 2 um sputtered on a (111) Si substrate.
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Figure 2. XRD spectra of sputtered Ag film with a thickness of
2 um sputtered on a (111) Si substrate.

To improve the bonding effect of the nano-twinned
Ag/(111) Si interface, an adhesive film Ti of 0.1 um
thickness was sputtered on the (111) Si substrate before
the deposition of nano-twinned Ag film. In this case, the
Ag film on the surface of the Ti-coated (111) Si substrate
could be much thicker than the Ag film directly sputtered
on Si without the Ti adhesive layer. As shown in Figure 3,



the Ag columns grew normal to the (111) Si substrate, Figure 5 presents a TEM micrograph of the high
similarly to those observed in Figure 1. The columnar Ag  density of (111)-oriented nano-twinned Ag film. The
grains also contained a high density of nano-twins. The  cross-section SAD pattern shows that the diffraction
XRD spectrum showed a pure Ag (111) peak, indicating  spots of twin (T) and matrix (M) have a symmetry
that these nano-twinned Ag film had a very strong (111)  relationship along the co-plane (111)/(111). This
preferred orientation. revealed that the film was an fcc structure with twin
structure. The high-resolution TEM image shows an
atomic interplanar spacing of 0.24 nm, indicating that
the nano-twinned Ag film was stacked by (111) plane.
The twin thicknesses were ranged from 5 to 50 nm, with
an average value of about 16 nm.

ZA=[011]
Figure 3. Microstructure of nano-twinned Ag film with a 100 nm
thickness of 9 um on a 0.1 pum Ti-coated (111) Si substrate.
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Figure 4. XRD spectra of sputtered Ag film with a thickness of ~ Figure 5. (a) TEM micrograph of nano-twinned Ag film with a
9 um on a 0.1 um Ti-coated (111) Si substrate. SAD pattern. (b) High-resolution TEM image.
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The Ag nano-twins were further identified by
electron backscatter diffraction (EBSD) with a scanning
step size of 28 nm. It can be seen in Figure 6 that the
columnar Ag grains grew primarily along the (111)
direction. The average grain size of these Ag columns
was 0.17 pm. In Figure 6 (a), the conventional grain
boundaries were marked with black lines, the X3
coincidence twin boundaries were marked with white
lines, and the X9 coincidence near-twin boundaries were
marked with red lines. The proportions of £3 and X9
coincidence twin boundaries to the total grain
boundaries were 47.2% and 16.2%, respectively. This
demonstrated that the (111)-oriented Ag film contained
high density twin boundaries. In Figure 6 (b), only the
(111) orientation of the nano-twinned Ag film was
shown. The proportion of (111)-preferred orientation in
the region was calculated to be 63.6%. Figure 6 (c) shows
a Kernel Average Misorientation (KAM) figure obtained
from EBSD data, indicating the stress distribution of the
Ag film. In the KAM figure, green regions possessed
relatively higher stress than blue regions, and mostly
presented in the (111)-oriented grains, as shown in
Figure 6 (d). This stress distribution was caused by high
density defects, resulting from high density twin
boundaries in (111) columnar grains.

Figure 6. Microstructure of nano-twinned Ag film with a
thickness of 9 um on a 0.1 pm Ti-coated (111) Si substrate.
(a) EBSD inverse pole figure map. (b) EBSD inverse pole
figure map showing only the (111) orientation of the Ag film.
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(c) EBSD KAM map. (d) EBSD KAM map showing only the
(111) orientation of the Ag film.

The adhesion of nano-twinned (111) Ag film on the
(111) Si substrate with and without a Ti adhesive layer
was evaluated using a grid peeling test. Figure 7 (a)
shows that, with no Ti adhesive layer, the sputtered Ag
film with a thickness of only 2 um peeled off the (111) Si
substrate. With a 0.1 pm Ti adhesive layer inserted
between the nano-twinned (111) Ag film and the (111)
Si substrate, the Ag film with a thickness of 9 pm
exhibited no failure after the peel test, as evidenced in
Fig. 7 (b). The results confirm that the addition of a Ti
adhesive layer can effectively strengthen the Ag-Si
interface and improve the deposition quality of nano-
twinned (111) Ag film on (111) Si substrate. In addition,
the adhesion strengths were measured by using a thin
film pull tester. Figure 8 (a) demonstrates that the nano-
twinned Ag film sputtered on Si substrate without the
pre-coated Ti was directly separated from the Si
substrate, indicating a very poor adhesion strength. In
contrast, Ag film sputtered on Ti pre-coated Si substrate
possessed an adhesion strength of 17.3 kg/cm2. As
shown in Figure 8 (b), it fractured through the Si
substrate, and part of Si substrate was pulled up by the
stud. This result revealed that the nanotwinned Ag film
was more reliable, and can be utilized in engineering
applications.

Furthermore, the hardness of nano-twinned Ag
film with the thickness of 9 um was measured by
nanoindenter at different indentation depths. Due to the
substrate effect and roughness effect, the indentation
hardness values are more precise when the depths are
greater than 200 nm. Figure 9 shows a maximal hardness
value of 1.7 + 0.3 GPa taken at the indentation depth of
300 nm. Itis much larger than the 0.3 GPa of Ag film with
normal grains. This result demonstrated that the Ag film
possessed an excellent mechanical property, caused by
high-density nano-twinned grain structure comprising
fine twin thicknesses.
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Figure 7. Peeling test of the nano-twinned (111) Ag film (a)

with a thickness of 2 um on a (111) Si substrate without a Ti

adhesive layer and (b) with a thickness of 9 pym on a 0.1 pm
Ti-coated (111) Si substrate.

(a) (b)
Figure 8. Thin film adhesion tests for Ag films with a
thickness of 9 um on Si substrate (a) without a Ti adhesive

layer and (b) with a 0.1 pm Ti-coated Si substrate.

2.0+

1.5 1

1.0 1

Indentation Hardness (GPa)

0.5

200 300 400
Indentation Depth (nm)
Figure 9. Indentation hardness of nano-twinned Ag film

measured at various indentation depths.
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4. Conclusion

Ag films with a high density of nano-twins on
(111)-oriented Si substrates have been fabricated by
magnetron sputtering. The Ag nano-twins revealed a
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strong (111) preferred orientation. The Ag grains were
observed to grow normal to the (111) Si substrates in a
columnar morphology with a diameter of about 0.17 pm.
It was also found that directly sputtering the Ag film on
the (111) Si substrate caused peeling failure when the
thickness of the Ag film was greater than 2 pm. The
addition of a Ti adhesive layer with a thickness of 0.1 um
can obviously enhance the bonding effect of sputtering
nano-twinned (111) Ag film on (111) Si substrates.
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