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Abstract - The excellent properties of nanotwinned structures have been a hot area of research in recent years. Silver (Ag) has the lowest
stacking fault energy (SFE) among all FCC metals, which has a strong tendency to form a twin structure. Also, sapphire substrates are
ideal for use in LED applications due to high-temperature resistance, high strength, good electrical insulations, and low dielectric loss.
Depositing Ag nanotwinned films on sapphire substrates can serve as a perfect candidate for die bonding in LED manufacturing. In this
study, two deposition methods had been demonstrated for the fabrication of high density (111)-textured Ag nanotwinned films on
sapphire wafers. Microstructural analyses show that both the sputtered and evaporated Ag grains presented a high density of twin
structure. The cross-sectional EBSD analysis of the sputtered Ag nanotwinned film indicated a highly (111)-preferred orientation to
34.6% of the overall grains. Further, the sputtering process allows the production of surface roughness of the Ag nanotwinned film up to
65.1 nm. The epitaxial growth of Ag nanotwinned films with (111)-preferred orientation can be utilized by both the deposition methods.
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1. Introduction

In recent years, LEDs (light emitting diodes) have received great attention due to the advantages of high brightness,
long lifetime, and most importantly, low energy consumption [1]. Large amount of energy losses in an incandescent light
bulb in the form of heat energy when electrical energy is converted to light energy. Therefore, it is critical to design a LED
lighting system capable of efficient heat dissipation to ensure long-term reliability. In fact, substrates have a direct relation
with the optical performance of LEDs especially in the heat dissipation. Therefore, appropriate selection of the substrate
materials for LED modules should feature fine-matched lattice parameters and thermal expansion coefficient, chemically
stable, and good physical and mechanical properties [2]

Sapphire, also known as a-aluminum oxide a-Al;Os, has a hexagonal lattice unit cell with lattice parameters ofa=b =
4.758 &, ¢ = 12.992 A at room temperature [3]. As is known to all, the material has benefits such as high hardness and
mechanical strength, excellent chemical and thermal stability due to its high ionic inter-atomics bonds. Moreover, other
unique material properties, including excellent wear and corrosion resistance, substantial thermal and electrical conductivity,
low cost, and exceptional optical transparency make sapphire ideal for a variety of applications. Today, sapphire wafers are
being extensively used for epitaxial growth of I11-V and 11-VI based LEDs, such as gallium nitride (GaN). These LEDs are
fabricated by the epitaxial growth of nitride semiconductor layers on sapphire substrate by various growth techniques
available [4-6].

According to the Hall-Petch relation, the grain size determines the properties of the materials. Smaller grain size
increases the tensile strength and tends to increase the ductility of the materials. As grain size refinement up to nanoscale
occurs, it is normally expected that with grain boundaries now occupying a significant volume fraction of the material, and
thus plays a critical role in the deformation of the materials. In contrast to high angle boundaries, twin boundaries can improve
mechanical strength without compromising the high ductility of the materials. Consequently, nanoscale twinning in
polycrystalline materials usually embed with enhanced mechanical strength and electrical conductivity in comparison with
the bulk structure. [7] The coincident site lattice (CSL) boundaries are boundaries with misorientations that exhibit a high
fraction of lattice sites in coincidence compared to normal grain boundaries. A low X signifies high coincidence, which has
been reported variety of macroscopic properties improvement as the density of low £ CSL boundaries increases. Twin
boundary is the simplest form of coincidence boundaries, which has a reciprocal density of common lattice points of 3, also
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known as X3. [8]. Previous research in molecular dynamics (MD) simulations has proven that the twin boundaries act as
strong barriers to dislocation transmission as it requires high shear or tensile stress to move the dislocations across the twin
interfaces. In this case, both £3(111) coherent twin boundary (CTB) and X3(112) incoherent twin boundary (ITB) serve as
obstacles for dislocation transmission to occur [9-11]. This is largely because the formation of £3 coincidence site lattice can
lower the interfacial energy by up to 5% comparing to the interfacial energy of normal grain boundaries [12]. With lower
interfacial energy, various outstanding mechanical properties are reported, including higher strength, hardness, ductility,
enhanced diffusivity, and thermal stability [13], superior magnetic properties in comparison with conventional
polycrystalline materials.

Silver has been well known as a representative FCC metal with a low stacking fault energy of about 22 mJ/m? when
compared to other metals with FCC structures. It is known that lower stacking fault energy promotes the formation of twin
structures |14]. In other words, low SFE metals tend to exhibit significantly higher dislocation densities and as consequence,
higher formation of twin structure. Moreover, Ag also presents better electrical and thermal conductivity combine with high-
temperature stability, which shows huge potential for application. Till date, the metal has been widely used in GaN LED
structure as the reflection layer to promote light extraction efficiency [15].

The fabrication of thin films with preferred orientation is traditionally processed by electroplating and magnetron
sputtering. In the past, copper (Cu) film with preferred orientation has been intensively studied. According to Chen et al.,
electroplating with high current and high stirring speed allows successful fabrication of nanotwinned Cu with film thickness
up to 20 um [16]. Sun et al. have also demonstrated the growth mechanism of preferentially oriented columnar Cu film with
nanotwinned structure on silicon wafer by direct-current electrodeposition process with acid addition [17]. Nanotwinned Cu
films formed in acidic Cu sulfate electrolyte with [18,19] and without additives [20] by electrodeposition has also been
studied. However, electroplating could cause severe environmental issues, leading to sputtering and evaporating deposition
as alternatives, which are relatively environmental-friendly. Thin film deposited by sputtering is well bonded onto the
substrate, with high purity, excellent film quality, and good uniformity on a large-area substrate. At the same time, the
repeatability of the magnetron sputtering process is good, which allows the process to become industrialized. The island
coalescence mechanism, which was originally proposed by Hoffman, explained a reasonable growth mechanism for thin
films. When there is an attractive interatomic force between adjacent islands, the film is strained. The elastic displacement
of the film leads to the coalescence of the islands and finally forms a continuous film. Therefore, the residual stress state of
the sputtered films could simply cause high-density twin formation as twins will form to accommodate to relieve residual
strains [21]. By applying negative substrate bias during deposition, positively charged Ar ions will be attracted to the substrate
and induce ion bombardment, which generates compressive stresses toward the film. With proper parameters, the formation
of nanotwinned structure can be achieved. Many other research have reported preferred-oriented Al [22], Ag [23], Pd [24],
Cu [25], and 330 stainless steel [26] thin film produced by magnetron sputtering.

Electron beam evaporation, however, is a physical vapor deposition process with low substrate temperature and high
deposition rate, as well as a more economical operation for thin film fabrication. Therefore, it has been widely used to deposit
various kinds of metals and alloys especially in the semiconductor industries to integrate electronic devices with metal
contacts. Unfortunately, few reports about the evaporation deposition of a high-density nanotwinned film with preferential
crystal orientation have been done. Although Wang et al. [28] and Idrissi et al. [24] synthesized a Pd nanotwinned structure
on Si substrates by electron beam evaporation, they found that the films exhibited random orientation, and the twin densities
are much lower than those of nanotwinned films manufactured by sputtering or electroplating methods. At the same time,
Chuang et al. has also reported evaporation of Ag nanotwinned films on Si substrates with ion beam assistance [30].

In this study, both sputtering and evaporating processes are applied to fabricate high density (111)-oriented Ag
nanotwinned film on (001)-sapphire substrates. We also evaluate the influence of difference deposition methods to the Ag
nanotwinned structure. The resulting microstructures with different deposition methods are investigated and analyzed in the
following discussions, which could have direct effects on the application of Ag in the LEDs manufacturing.

2. Experimental

Both magnetron sputtering and evaporation deposition are applied to deposit the highly <111>-oriented Ag films with
thickness of 4 pm onto (001)-sapphire substrates. Half portion of the specimens are precoated with Ti as the adhesive layers
for a thickness of 100 nm. For the magnetron sputtering process, the chamber was evacuated to vacuum of 5 x 107° torr and
the working pressure of 5 x 1073 torr before deposition starts. For film thickness of 4 um, the deposition rate of Ag films is
0.85 nm/s with a sputtering power of 150. Whereby for the electron beam evaporation process, an ion beam-assisted system
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is applied to induce ion bombardment to the deposited films. The base pressure is set below 5 x 107° torr and the working
pressure is at 1.5 x 10~* torr with 4.5 sccm of argon (Ar) gas flow as ion source. The ion beam voltage and current are 60
V and 0.4 A, respectively.

After deposition, the specimens are examined with various characterizations. X-ray diffraction (XRD) is used to
determine the crystal orientation of the surface of Ag film. The cross-sections of the microstructures are observed by a
focused ion beam (FIB). Electron backscatter diffraction (EBSD) analysis is performed to analyze the density of preferred
crystal orientation. Transmission electron microscopy (TEM, FEI TTRAX) is employed to further study the microstructure
of the cross-sections. Selected area electron diffraction (SAED) patterns obtained from the TEM cross-sections to reveal the
atomic structure of the Ag thin films.

3. Results and Discussion

The XRD spectrum of sapphire wafer is measured in the 26= 20-80 degree range by using a X-ray diffraction meter
with a Cu Ka radiation source (A= 0.154 nm). As shown in Fig. 1, it is clearly observed that the wafer shows a strong sapphire
(001) peak at about 41.6° with a small peak (205) at about 64.5°. The existence of the strong (0001) diffraction peak confirms
a high crystallinity of the sapphire substrate. Reported by numerous research, epitaxy growth on c-cut sapphire has known
by far the most optimal option due to its better crystallinity [31], and strong photoluminescence emission [32,33].
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Fig. 1 XRD spectra of the (001)-sapphire wafer.

The cross-sectional micrograph of Ag film sputtered directly on the sapphire substrate without any adhesive layer
exhibit small amount of columnar structure as circled in Fig. 2. These columnar grains consist of high density of nanotwins
piling up on each other in a twin spacing of few nanometers. Also, the equiaxial coarse annealing twins appear below the Ag
columnar structure, which are believed to form by the effect of heat during the deposition process. Due to its low stacking
fault energy, Ag readily forms twins during the deposition process. However, the formation of coarse annealing twins
indicates a thicker transition layer and reduction of Ag columnar nanotwins formed within the Ag thin film. In fact, the
equiaxed grains are relatively poor in thermal stability and therefore thicker transition layer is prone to abnormal grain growth
at elevated temperatures.
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Fig. 2 Nanotwinned Ag films sputtered on sapphire chips without precoating Ti adhesive layer.

To mitigate the lattice mismatch between Ag and sapphire wafer, a Ti adhesive layer is usually added between the
sapphire substrate and Ag film for better bondability. Fig. 3 shows the cross-sectional FIB image micrograph of nanotwinned
Ag films sputtered on sapphire substrate with a layer of Ti adhesive layer. As known to all, Ti shares the property of adhering
well onto substrate materials. In addition, thin layer of Ti (probably 0.1 um) does not typically alter the property of the device
that is fabricated. The sites in the thin adhesion layer serve to promote nucleation of the Ag thin film which might not properly
adhere on the substrate, resulting the film to flake off from the substrate. Apparently, higher density of Ag nanotwins is
observed within columnar grain structure with finer equiaxial grains in a thinner transition layer, indicated by the dashed
line. The transition layer is usually being treated as defects as these fine equiaxed grains are prone to abnormal grain growth
during subsequent wafer bonding process. Therefore, a thinner transition layer is often more desirable for better thermal
stability of the overall. The high-resolution EBSD orientation map for the cross-sectional Ag film is shown in Fig. 4. Grains
marked blue are oriented with the (111) plane parallel to the substrate surface, consisted of 34.6% of the overall
microstructure. The fine equiaxial grains in different colors are of random orientations. The orientation of fine equiaxial
grains is mostly random. Again, the XRD spectrum in Fig. 5 founds a strong intensity of Ag (111) peak without any other
impurities peaks and is consistent to the EBSD analysis.
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Fig. 3 Nanotwinned Ag films sputtered on sapphire chips with precoating Ti adhesive layer.
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Fig. 4 Cross-sectional EBSD image of Ag nanotwinned film sputtered on sapphire chip.
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Fig. 5 Typical XRD spectra of Ag nanotwinned film sputtered on the (001)-oriented sapphire wafers.

In addition to FIB imaging, the nanotwinned structure of the sputtered Ag nanotwin structure is further investigated
by transmission electron microscopy (TEM) film. Fig. 6 (a) shows the cross-sectional bright-field TEM images of the Ag
film sputtered on Ti pre-coated sapphire substrate, taken along the zone axis of [011]. High density of stacking nanotwins
are observed along the columnar grains, whereby the twin interfaces are parallel to the substrate surface. In the SAD pattern,
the matrix and twin diffraction spots showed spot splitting across the {111} twin interfaces, which are identified to be
stacking faults. Statistical measurement of the twin spacing indicated an average of 16 nm, as evident from the HR-TEM
image in Fig. 6 (b). The fast Fourier transform of the film has confirmed a typical (111)-oriented twin structure, which is
consistent with the XRD analysis in Fig. 5.
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Fig. 6 Cross-sectional TEM micrograph of sputtered nanotwinned Ag film on (001)-sapphire chip pre-coated with Ti adhesive layer (a)
bright field image with a SAD pattern (b) high resolution TEM image with inset showing fast Fourier transform (FFT) pattern.

On the other hand, the cross-sectional FIB micrograph of the evaporated Ag film on sapphire substrate is shown in
Fig. 7. Similar to the sputtered Ag film, the evaporated Ag film consists of numerous Ag columnar structure with high density
of nanotwins stacking on each other. Since formation of columnar nanotwinned structure can be relatively difficult for
evaporated Ag films, an additional ion bombardment is applied to the deposited film during evaporation [30]. The effect of
ion bombardment during evaporation deposition seems to be accounted for the formation of high density (111)-oriented Ag
nanotwins on sapphire substrate. However, the equiaxed grains within the transition layer are larger than that of the sputtered
film. The result should be regard as the effect of high energy by ion bombardment during deposition process and cause a
significant grain growth of the equiaxed grains [35]. The relationship between surface energy and strain energy provides a
reasonable explanation for the phenomenon [36]. According to the structure zone model, the low energy ion bombardment
remains at zone T of the film structure, in which the film texture changes to wider columns with preferred orientation parallel
to the densely populated plane, in this case (111)-orientation. This is due to the further promotion of thermally enhanced
surface diffusion owing to an increase of substrate temperature resulted by the ion bombardment. Therefore, columnar
structure with highly (111)-preferred orientation is expected with proper control of deposition parameter.
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Fig. 7 Nanotwinned Ag films evaporated on sapphire chip pre-coated with Ti adhesive layer with ion bombardment.
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4. Conclusion

In this study, we demonstrate synthesis of highly (111)-oriented Ag nanotwinned thin film can be synthesized by both
sputtering and evaporation deposition methods. For both deposition processes, the FIB micrographs show a high density of
nanotwinned structure in the Ag columnar grains. EBSD analysis report about 34.6 % of the grains are of (111)-orientation
in Ag nanotwinned film fabricated by the sputtering process. The XRD result also confirm the strong intensity of (111)
orientation of sputtered Ag film. The introduction of high density nanotwins in Ag thin film on sapphire substrates by both
sputtering and electron-beam evaporation is believed to play an important role in low-temperature interconnections in wafer
level bonding, which has valuable properties for applications in the LED industries.
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