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Chapter 1 General Introduction

Chapter 1 General Introduction

1.1 Background

1.1.1 Flexible Devices

Flexible devices such as displays [1]-[5], sensor array sheets [6]-[10], photovoltaic sheets [11]-[16], and
batteries [17]-[22] have been actively studied recently [23]-[35]. The features of flexible devices include
lightweight, thinness, and mechanical bendability/stretchability. Because of these properties, flexible
devices that can adhere to the human skin for bio-information sensing [36]-[44] have been of great interest
in realizing comfortable healthcare monitoring systems. The previous studies on flexible devices have
reported that these devices lack stretchability, but exhibit bendability. Devices that only exhibit bendability
can be used on cylinder-shaped surfaces such as the human tibia; however, bio-information sensing is
performed on most areas of the human body that have complex shapes such as a free-form surface or a
constant compression or stretching deformation. Therefore, flexible devices require both stretchability and

bendability for sensing bio-information in a stable manner.
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1.1.2 Bendability and Stretchability

A key point related to flexible devices is how they achieve bendability and stretchability while maintaining
their original performance and function as measurement devices. In comparison to achieving the
stretchability for flexible devices, bendability is considerably easier to achieve. From the viewpoint of the
mechanics of materials, in a bending deformation, a flexible device experiences compression stress on one
side of a neutral axis and stretching stress on the other side. The stresses caused in the device increase with
an increase in the device thickness, and therefore, flexible devices can be made bendable by decreasing
their thickness. On the other hand, in stretching deformation, a flexible device experiences stretching
stresses throughout its entire structure. In this case, decreasing the device thickness cannot decrease the

stress; hence, other approaches are necessary to achieve stretchability.

1.2 Previous Studies

Approaches presented in previous studies to achieve stretchability in flexible devices can be classified into
three categories: ultrathin devices with an out-of-plane wrinkle structure [45]-[48], devices using an
elastic conductor as an interconnect [4], [49]-[51], and devices using wave-shaped metal interconnects
[52]-[56]. In previous studies, electronic components were electrically and mechanically connected with
conductive interconnects on a thin and bendable/stretchable substrate such as polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), polydimethylsiloxane (PDMS), polyurethane (PU), or acrylic
foam (AF). These approaches were adopted to develop new stretchable materials or stretchable structures
for devices to achieve stretchability. In addition to these three approaches, some research groups proposed
a new approach: providing a self-healing ability for a broken conductive interconnect [57]-[62]. Some

remarkable previous studies on device stretchability are described below.

1.2.1 Ultrathin Devices with Out-of-Plane Wrinkle Structure

During the fabrication of ultrathin devices with an out-of-plane wrinkle structure, both thin (several tens
to several hundreds of nanometers in thickness) conductive interconnects and electronic components are

formed on a thin flexible substrate such as PEN [47] or parylene-C [45] (approximately 1 pm thick). Then,
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(a) conductive
sensor interconnect

|
thin film elastomer

Figure 1.1 Schematic illustration and optical images of ultrathin devices with out-of-plane wrinkle
structure: (a) cross-sectional view of devices, (b) printed flexible transistor (scale bars, 1 mm) [45], (¢)
flexible transistor using dinaphtho thieno thiophene (DNTT) as gate dielectric (scale bars, 1 mm) [47],
and (d) organic solar cell (scale bar, 2 mm) [14].

the fabricated device is laminated to a prestretched elastomer such as an AF adhesive tape. When the
prestrain in the AF tape is released, an out-of-plane wrinkle is formed on the device, as shown in Figure
1.1a. The out-of-plane wrinkle enables the device to be stretchable. To form the wrinkle structure, the
conductive interconnects and electronic components must be thin and bendable; hence, organic-material-
based electronic components such as organic light-emitting diodes (OLEDs) and organic field-effect
transistors (OFETs) are used as shown in Figures 1.1b—d. The organic-material-based electronic

components can be formed on a substrate through a relatively simple fabrication process (e.g., coating or
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inkjet printing) and they themselves have bendability. Hence, large-area and lightweight OLEDs and
OFETs are expected to be available at low costs in the future. For thin conductive interconnects, evaporated
thin metals or printed metal conductive inks are used. The optical images in Figure 1.1b show electronic
circuits in a fabricated device that are based on organic materials composed of conductive interconnects
of Ag nanoparticle ink and OFETs (1.0 cm?/Vs) on 1-um-thick parylene-C films, as reported by Fukuda
et al. [45]. The devices were fabricated using inkjet printing, and the total thickness of the device was less
than 2 pm. Hence, the device can adhere to the human skin without an adhesive. However, the performance
and life span of organic-material-based electronic components are inferior to that of components composed
of inorganic materials. Therefore, various studies are ongoing to improve the performance of organic

materials.

1.2.2 Elastic Conductors as Conductive Interconnects

In this approach, stretchable devices can be realized by connecting each rigid electronic component with
stretchable conductive interconnects on a stretchable substrate. That is, even if the components are not
stretchable (but rigid and relatively small), a device can be made stretchable on the whole when its
components are connected using stretchable conductive interconnects. Commercial electronic components,
including chip-mounted LEDs and transistors, are already small, and therefore, they are used in some
stretchable devices; previous studies have focused on stretchable conductive interconnects. Current
mainstream implementations are as follows: elastic conductors as conductive interconnects composed of
nonconductive elastomers and carbon nanotubes [4] or metal nanowires/flakes [49], [50], and wave-
shaped metal interconnect using the deformation of the wave shape [52]-[56].

Figure 1.2 shows some devices that use elastic conductors. Sekitani et al. reported on a printable
elastic conductor that was a mixture of an elastomer and single-walled carbon nanotubes (SWNTs) [4].
They authors fabricated stretchable conductive interconnects by printing them on a PDMS substrate. The
conductivity and stretchability were determined by the proportion of the elastomer and the SWNTs. A
stretchability of more than 100% and conductivity of 10° S/m were achieved when the proportion of the
SWNTs was as low as 1.4%, while a stretchability of more than 20% and conductivity of 10* S/m were
observed when the proportion of the SWNTs was increased to 15.8%. Matsuhisa et al. reported on a

stretchable conductive interconnect with conductivities of 4.0 x 103 S/m before stretching, and 9.4 x 10*
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Figure 1.2 Schematic illustration and optical images of devices using elastic conductors and rigid
electronic components: (a) cross-sectional view of the device, (b) stretchable organic thin-film transistor
matrix (scale bars, 5 mm) [50], and (c) stretchable and fully printed sensor (scale bar, 5 mm) [49].

S/m when stretched to 400% strain, by printing a conductive ink material that was a combination of
fluorinated elastomer, silver flake, and surfactant [49]. This conductive interconnect achieved the best
conductivity and stretchability among various elastic conductors in 2017. However, its conductivity was
10? lower compared with the conductivities of metals (for example, the electrical conductivity of copper
is 5.9 x 107 S/m).

The approach using a combination of elastic conductors and rigid electronic components is similar
to an approach called flexible hybrid electronics, which has also been developed in recent years. This
approach aims to achieve a quicker realization of flexible devices by combining the advantages of organic

materials technology (such as printable conductive interconnects and antennas) and conventional

Electrical and Mechanical Design Principle of Self-Healing Metal Interconnect and
Its Application for Flexible Device



Chapter 1  General Introduction

(@)

wave-shaped
rigid sensor metal interconnect

elastomer

(d)

inductive power

EP amp
| contact 1cm

Figure 1.3 Schematic illustration and optical images of devices using wave-shaped metal interconnect
and rigid electronic components: (a) cross-sectional view of the device, (b) wave-shaped copper
interconnects and functional islands [54], (c) stretchable LED array on ecoflex substrate [5], and (d) soft
stretchable electronic system in thin elastomeric microfluidic enclosure [56].

inorganic materials technology (such as silicon integrated circuit chips and microelectromechanical
systems (MEMS) sensor chips). In 2015, the Flexible Hybrid Electronics Manufacturing Innovation
Institute was established in the United States to study flexible hybrid electronics. A total of 162

companies and universities from around the world participate in this consortium.
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1.2.3 Wave-Shaped Metal Interconnects

Similar to devices using elastic conductors, in this approach, each rigid electronic component is connected
to a wave-shaped metal interconnect to achieve stretchability, as shown in Figure 1.3a. For example, Gray
et al. reported on gold interconnects embedded in a PDMS sheet that were curved into the shape of a sine
wave [53]. They reported that the maximum stretchability of the interconnects was determined by the
interconnect width, thickness, and amplitude of the sine wave shape. Stretchability was slightly lower than
60% at maximum. In addition, electrical conductivity was extremely high at 4.6 x 107 S/m, because gold
was used as the material. Jones et al. also fabricated out-of-plane wave-shaped (wrinkled) gold
interconnects on a stretchable substrate by evaporating 25-nm-thick gold on a PDMS substrate, which was
prestretched by 15% [55]. No breaking was found in the interconnects after 100 cycles of repeated
stretching/compression deformation with a strain ranging from 0% to 15%. However, breaking was
detected when a 25% strain was added to the interconnects. Kim ef al. fabricated wave-shaped metal
interconnects composed of a gold layer and polyimide layers [52]. The interconnect used out-of-plate
deformation for stretching, and the authors reported that the maximum stretchability of the interconnect
varied depending on Young’s modulus of the PDMS that sealed the device. No interconnect breakages
were found, even under a 110% elongation, when the device was sealed with a precured PDMS. In general,
wave-shaped metal conductors have extremely high conductivity; however, the maximum stretchability is
lower than that of elastic conductors. In addition, wave-shaped metal conductors are easily cracked and

finally lose their conductivity because of cyclical deformation.

1.24 Self-Healing Ability of Broken Conductive Interconnects

The above three approaches focused on developing new materials or new structures to achieve
stretchability. In contrast, an approach providing a new ability (the self-healing ability of broken
conductive interconnect) has been proposed [57], as shown in Figure 1.4. For instance, self-healing elastic
conductors using self-healing polymers [58], self-healing metal interconnect using microcapsules of liquid
metal [59], and self-healing metal interconnect using dielectrophoresis of metal nanoparticles [60]-[62]
have been reported. A self-healing elastic conductor using a self-healing polymer was composed of a self-
healing polymer and nickel nanostructured microparticles. The conductivity varied depending on the
mixing rate of the self-healing polymer and the nickel nanostructured microparticles, and the maximum

conductivity was 4.0 x 10° S/m. This conductivity was considerably lower than that of the metal
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Figure 1.4 Conductive interconnects with self-healing ability: (a) self-healing elastic conductors using
self-healing polymers [57], (b) self-healing metal interconnect using microcapsules of liquid metal [59],
and (c) self-healing metal interconnect using dielectrophoresis of metal nanoparticles [60]-[62].

interconnect. Moreover, a self-healing polymer cannot heal without contact with the broken point because
the polymer uses physical molecular reconnection on the surfaces of the breaks for self-healing. In the
case of self-healing metal interconnect using the microcapsules of liquid metal, metal interconnects are

covered with the microcapsules of gallium-indium (Ga-In) liquid metal. When the metal interconnect
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cracks, the microcapsules release Ga-In liquid metal into the crack. The metal interconnect regains its
conductivity with nearly full recovery of conductivity at less than 1 ms after damage; however, when the
healed point is broken again, the metal interconnect cannot recover conductivity again because the
microcapsules can release the Ga-In liquid metal only once. In the case of self-healing metal interconnect
using the dielectrophoresis of metal nanoparticles reported by Koshi et al., metal interconnects on a
substrate are covered with metal nanoparticle dispersion in the device. When one of the interconnects is
cracked and completely loses its conductivity by deformation, a voltage is applied to the interconnect and
an electric field is generated only around the crack. The nanoparticles near the crack experience a
dielectrophoretic force caused by the electric field, and the nanoparticles are trapped in the crack. The
trapped nanoparticles form chain structures in the crack and the nanoparticle chains bridge the crack. Thus,
the broken interconnect regains its conductivity again on the application of voltage to the interconnect.
The self-healing ability obtained thus using the dielectrophoresis of metal nanoparticles can realize high
conductivity and healing without contact with the broken section. In addition, even if the healed point is
broken again, the interconnect can recover its conductivity any number of times because the nanoparticles
around the broken point are trapped and bridge the broken point on the application of voltage to the
interconnect. Hence, the self-healing ability obtained using the dielectrophoresis of metal nanoparticles

has several advantages compared with the self-healing abilities obtained using the other two approaches.

1.2.5 Comparison of Previous Approaches

Table 1.1 lists a comparison of the three major approaches and the approach adopted to obtain the self-
healing ability using the dielectrophoresis of metal nanoparticles in terms of the stretchability and
performance of a flexible device. As can be seen in Table 1.1, the performance is further classified into
two parameters: the conductivity of interconnects and the performance of electronic components. In the
case of ultrathin devices with an out-of-plane wrinkle structure, the performance of electronic components
is lower than that of devices using a combination of stretchable conductive interconnects and rigid
electronic components, because the components use organic-based materials. On the other hand, devices
using a combination of stretchable conductive interconnects and rigid electronic components perform
better because of their inorganic-based electronic components. However, elastic conductors as conductive
interconnects exhibit lower conductivity than metal interconnects, and wave-shaped metal interconnects
show lower stretchability than elastic conductors. In contrast, metal interconnects with self-healing ability

can achieve high stretchability, high conductivity, and high performance; hence, flexible devices using
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Table 1.1 Comparison of three major approaches and self-healing ability using dielectrophoresis of
metal nanoparticles to achieve stretchability of flexible devices (v': not bad, v'V: good, vV excellent).

performance
device structure stretchability
conductivity of sensitivity of
interconnect sensor
v Y v
ultrathin devices with out-of-plane df i metal ink or .
wrinkle structure [45]-[48] goot torh?yC ¢ metal (?rgar(lilc ¢
stretching 1052107 S/m semiconductor
elastic conductor
as conductive A . . v . . \/\/\/.
interconnect [4] good for cyclic organic material inorganic
[49]-[51] ’ stretching 10° S/m semiconductor
. wave-shaped
rigid sensor and metal v vV N4
stretchable . © . metal inorganic
interconnect easily cracked . .
conductor [521-[56] 10" S/m semiconductor
metal
interconnect with \/\/\/, VY . \/\/\/.
sclf-healing self-healing metal mnorganic
ability [60]-[62] ability of crack 107 S/m semiconductor

self-healing metal interconnects offer several advantages. However, applying self-healing metal
interconnects to flexible devices remains a significant challenge (details are described in Section 1.3). At

present, flexible devices that combine high stretchability and high performance have not been achieved.
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1.3 Objective

The objective of this research is to identify the fundamental design principles of self-healing metal
interconnects and to develop a flexible device using self-healing metal interconnects based on the design
principles identified. The key points to be considered when applying the self-healing metal interconnect
to flexible devices are as follows: understanding the conditions forming a nanoparticle chain using
dielectrophoresis, and understanding the factors determining the number of cracks and crack widths caused
in the metal interconnect. In previous studies, a decrease in the impedance of a metal interconnect broken
with a single small crack was experimentally verified [60]-[62]. The studies reported that a nanoparticle
chain was successfully formed in a crack up to 4 pm wide when a voltage of approximately 4 V was
applied. However, when the crack width was 4 um or greater, a nanoparticle chain was not formed in the
crack, and the broken interconnect was not healed. That is, the self-healing ability obtained using
dielectrophoresis of metal nanoparticles has a limit with regard to the healable crack width. In experiments,
a single small crack was intentionally prepatterned in a metal interconnect on a glass substrate by a
micromachining process as an initial step to verify self-healing. In previous studies on flexible devices,
cracks caused in a metal interconnect on a stretchable substrate by bending or stretching deformation
displayed different crack configurations. For example, many smaller cracks (several submicrometers to
micrometers in width) were caused in a metal interconnect in some studies, and a single larger crack
(several tens of micrometers to hundreds of micrometers) was caused in a metal interconnect in other
studies. In the former case, it is considered that a much higher applied voltage is needed for self-healing;
in the latter case, a nanoparticle chain was not formed in the crack. Hence, a broken metal interconnect is
not necessarily healed by the dielectrophoresis of metal nanoparticles. Therefore, it is still difficult to heal
a broken metal interconnect in a flexible device at this time. For these reasons, it is significant to
understand both the conditions forming a nanoparticle chain and the factors that determine crack
configurations.

In this research, based on the two key points, complementary approaches were adopted: studying
the conditions forming a nanoparticle chain to form a nanoparticle chain in a larger crack, and studying
the factors that determine the crack configurations of a metal interconnect to control the number of cracks
and crack width. Voltage and current applied to metal interconnect must be important parameters for
nanoparticle chain formation; hence, studying the condition forming a nanoparticle chain is required to
understand the electrical design principle of self-healing metal interconnect. In addition, the stiffness of

the metal interconnect must be an important parameter for crack configuration; hence, studying the factors
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Chapter 1
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Figure 1.5 Flow chart explaining the organization of this thesis.

determining crack configuration is required to understand the mechanical design principle of self-healing
metal interconnect. By forming a nanoparticle chain in the larger crack and controlling the crack
configurations to a single larger crack based on the electrical and mechanical design principles, self-

healing metal interconnect is applied to flexible devices.

14 Thesis Structure

This thesis is organized as shown in Figure 1.5. Chapter 1 provides a general introduction that includes
the background, related previous studies, and objective of this research. To facilitate the understanding of
the electrical design principle of self-healing metal interconnect, Chapter 2 examines the condition of
nanoparticle chain formation using dielectrophoresis. Theoretical analysis and experiments to verify the
analysis results were conducted. Chapter 3 describes the study of a crack configuration of metal

interconnect to facilitate the understanding of the mechanical design principle. Theoretical analysis and
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experiments to verify the analysis results were conducted, as with the condition analysis of
dielectrophoresis. Based on the results presented in Chapter 2 and Chapter 3, flexible devices using self-
healing metal interconnect were developed as described in Chapter 4. Chapter 5 summarizes the thesis and

describes future research direction.
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Chapter 2 Nanoparticle Chain Formation
using Dielectrophoresis

2.1 Introduction

In this chapter, the condition for nanoparticle chain formation using dielectrophoresis is studied to
understand the electrical design principle of a self-healing metal interconnect. In previous studies, trapping
some types of nanoparticles in a gap of electrodes through dielectrophoresis was used to form
nano/microstructures of assembled nanoparticles [63]-[68]. In particular, the electrical property
measurement of formed structure has been of great interest [69]-[73]. The formation of a nanoparticle
chain structure is used for its application to micro and nano devices [74]-[76]. In this phenomenon, the
gap width is one of the important parameters. Some previous studies [60]-[62] reported that a gold
nanoparticle chain was successfully formed in a several-um-wide gap between gold electrodes and was
not formed in a larger gap. However, other studies reported that a gold nanoparticle chain was formed even
in a larger gap between gold electrodes (gap width of several tens of micrometers or more) [77]-[79]. The
conditions enabling nanoparticle chain formation with such a large gap width remains unclear. This might

be because many previous studies mainly focused on measuring the electrical properties of the formed
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nanoparticle structure.

To understand the conditions that form a metal nanoparticle chain in a large crack of a broken
metal interconnect such as a crack that is several tens of micrometers wide, a theoretical analysis and
experiments were conducted. In this research, it was considered that the formation process of a
nanoparticle chain using dielectrophoresis consists of two processes: trapping and bridging. In the trapping
process, a nanoparticle is trapped and adheres to the crack surface of a broken interconnect. In the bridging
process, the contentiously trapped nanoparticles form a nanoparticle chain structure and finally bridge the
crack. In the theoretical analysis section, the forces acting on a nanoparticle during the trapping process
and the physical phenomena during the bridging process are analyzed to clarify the conditions for
nanoparticle trapping and bridging, respectively. In the experiment section, nanoparticle chain formation
is observed to verify the analysis results obtained in the modeling section. Additionally, important
parameters for the self-healing ability using dielectrophoresis, such as the resistance of the nanoparticle

chain and forming time, are measured in the experimental section.

2.2 Theoretical Analysis

In this section, the forces acting on nanoparticles during the trapping process are analyzed to clarify the
conditions for trapping the nanoparticle into a large crack. Then, the physical phenomena during the

bridging process are analyzed to clarify the conditions for nanoparticle bridging.

2.2.1 Trapping Process

The forces acting on a nanoparticle during the trapping process were analyzed to clarify the conditions for
trapping the nanoparticle in a large crack. Figure 2.1a illustrates the metal nanoparticle trapping using
dielectrophoresis. A cracked metal interconnect on a substrate is covered with metal nanoparticle
dispersion, and an AC voltage is applied to the interconnect. A high-frequency voltage is suitable because
the effect of the interfacial polarization caused by the voltage applied to the metal interconnect surfaces is
almost negligible. In this research, it is assumed that both the metal interconnects and metal nanoparticles
have the same material properties. For example, gold nanoparticles in a citrate-buffered aqueous medium
are usually negatively charged because citrate in the aqueous medium adheres to the surface of the gold
nanoparticles. When gold nanoparticles and gold interconnects are used as the metal nanoparticles and the

metal interconnects, respectively, they are charged with same sign; therefore, the nanoparticles are stably
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Figure 2.1 (a) Schematic illustration of metal nanoparticle trapping using dielectrophoresis. (b, ¢) Forces
acting on nanoparticle in case of (b) low voltage and (c) higher than trapping voltage.

dispersed in the medium. In this case, the total force Fiow acting on a nanoparticle near the crack is mainly

composed of
Fow = Fypw + Fgsr + Fprp (2.1

where Fvpw, Fesr, and Fpep are the Van der Waals force, electrostatic repulsive force, and
dielectrophoresis forces, respectively. In Equation (2.1), Fypw and Fgsg are forces between the

nanoparticle surface and the surface of the cracked interconnect, and are given by the following:

Ar

par

Fypw = 6D (2.2)
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kT\? zey —x
Frgr = —KTpye [647r£med <7> tanh? (m)] exp <P (2.3)

where A4 is the Hamaker constant, rpa, is the radius of the nanoparticle, D is the distance between the
nanoparticle and the crack surface, x is the inverse of the Debye length, emeq and z are the permittivity and
the valence of the medium, respectively, k is the Boltzmann constant (= 1.38 x 102 J-K!), T is the
absolute temperature, e is the elementary charge (= 1.60 x 10> C), and y represents the surface potentials
of the nanoparticle and crack surfaces [80]. Equations (2.2) and (2.3) show that Fypw and Fgsr are mainly
determined by the material properties of the metal nanoparticles and the medium. The time average of

Fpep is given by the following:
<FDEP> = 2ﬂ£medr];3)a.rRe [E(zﬂf)] VE‘rzms (24)

where fis the frequency of the applied voltage, K(27zf) is the Clausius—Mosotti factor (which indicates the
polarizability of the nanoparticle), and Ewms s the effective value of the electric field [81]. When the value
of Re[K(27f)] is positive, Fpep is an attractive force directed to the crack. In this research, Re[K(27f)]
comes to 1 because metal nanoparticles are highly conductive [82]. Regarding Equation (2.4), Ems is
determined by the voltage applied to the crack, Vamp. Therefore, Equation (2.4) shows that the strength of
Fpep can be controlled by adjusting the applied voltage. When Fpgp increases with increasing voltage, Fiotal
becomes an attractive force directed to the crack, according to Equation (2.1). Even in the case of a large
crack, the metal nanoparticle is trapped and adheres to the surface of the cracked metal interconnect when
a certain voltage or higher is applied to the interconnect, as shown in Figures 2.1b and 2.1c. In this research,

the amplitude of the critical voltage is defined as a trapping voltage, Viap.

2.2.2 Bridging Process

The physical phenomena during the bridging process were analyzed to clarify the conditions for
nanoparticle bridging. Figure 2.2 illustrates the process of nanoparticle chain formation. A theoretical
analysis of the trapping process indicates that an applied voltage higher than Vip can trap the nanoparticles
and form a nanoparticle chain even in a large crack because a higher applied voltage causes a stronger
dielectrophoresis force on the nanoparticles as illustrated in Figure 2.2a. However, in previous studies

[60]-[62], a large crack was not bridged by a nanoparticle chain even when a higher applied voltage was
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Figure 2.2  Schematic illustration of nanoparticle chain formation through dielectrophoresis. (a)
Trapping of nanoparticles in cracked metal interconnect by dielectrophoresis. (b) Joule heating by current
in nanoparticle chain. (¢) Nanoparticle chain is broken when high voltage with high current is applied.
(d) Nanoparticle chain is formed when high voltage with low current is applied.

applied. Therefore, in this research, it is considered that the current flowing just when a nanoparticle chain
bridges a crack may play an important role as shown in Figure 2.2d. That is, Joule heating owing to the
current was caused in each nanoparticle of the nanoparticle chain, and Joule heating under a large applied
voltage might break the nanoparticle chain, as illustrated in Figure 2.2c. When the energy of Joule heating
per unit time caused in each nanoparticle is larger than the energy released from the nanoparticle to the
medium, the nanoparticle chain is not formed in the crack. Conversely, when the energy of Joule heating
is lower than the released energy, the nanoparticle chain is formed in the crack, as illustrated in Figure

2.2d. The energy of Joule heat per unit time caused in each nanoparticle, P, is given by the following:
P=R, I 2.5)
where Rpar is the resistance of a single nanoparticle and / is the current flowing after nanoparticle chain

bridging. As shown in Equation (2.5), Joule heating is proportional to both the resistance of each

nanoparticle and the square of the current. Ry, are determined by only the physical property and shape of
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the nanoparticle. Therefore, the current must have a critical value for nanoparticle chain formation as well
as the voltage causing the nanoparticle trapping. A nanoparticle chain is formed in a crack when the current
is lower than the critical value. In this research, the critical value is defined as the maximum allowable
current /max. In the theoretical analysis, it is considered that a nanoparticle chain can be formed in a crack
several tens of micrometers wide only when a voltage higher than Vi, with a current lower than /iax is

applied.

2.3 Observation of Nanoparticle Chain Formation

Observations of a nanoparticle chain were conducted to verify the results obtained in the theoretical
analysis section. First, certain voltages with changing current were applied to a cracked metal interconnect
with a 10-um-wide crack that was covered with metal nanoparticle dispersion to confirm the nanoparticle
chain formation in the large crack. In this section, a metal interconnect with a prepatterned crack on a glass
substrate was used for the observation. Second, for a better understanding of the behavior of nanoparticle
chain formation when a lower voltage, higher voltage with higher current, and higher voltage with lower
current are applied, the process of nanoparticle chain formation was observed directly with high-
magnification and high-speed microscopy. In this research, gold was used for both the metal electrodes

and metal nanoparticle dispersion because of the availability and chemical stability of gold.

2.3.1 Fabrication

Figure 2.3 illustrates the fabrication process of a gold interconnect with a large crack on a glass substrate.
First, a 0.01-pm-thick chromium layer as an adhesion layer and 0.5-pm-thick gold layer were deposited
on a glass substrate using an electron-beam evaporation system (EBX-6D, Ulvac), as shown in Figure 2.3a.
Second, a photoresist (OFPR800 20cp, Tokyo Ohka Kogyo) was spin-coated on the gold layer. Then, a
photoresist was patterned in the shape of gold interconnect with a 10-um-wide crack, as shown in Figure
2.3b. Subsequently, the deposited gold and chromium layers were patterned in the electrode shape through
a wet-etching process (Figure 2.3¢). Finally, the photoresist was removed, as shown in Figure 2.3d. Figure
2.4 depicts the fabricated gold interconnect with a large crack on a glass substrate. The width of the gold
interconnect was 25 um. Contact pads for electrical contact with an external circuit were formed at both

ends of the interconnect.
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Figure 2.3 Fabrication process of cracked gold interconnect on glass substrate. (a) Deposition of
chromium layer (0.01 pum in thickness) and gold layer (0.5 pm in thickness). (b) Spin-coating and
patterning of photoresist. (¢c) Wet-etching gold layer and chromium layer. (d) Removal of photoresist.

metal
interconnect

Figure 2.4 Optical image of fabricated pre-cracked gold interconnect on glass substrate.

2.3.2 Observation Setup

Figure 2.5 depicts the setup of observation for the nanoparticle chain formation. A gold interconnect with
a 10-um-wide crack was covered with gold nanoparticles in a citrate-buffered aqueous medium (150 nm
in diameter) (Au colloid solution-SC 150 nm, Tanaka Kikinzoku Kogyo). The pH of the medium was 3,
and content rate of the gold was 6-7x107 wt%. A resistor was connected to the cracked interconnect in
series, and AC voltage was applied across both the gold interconnect and resistor. A combination of a
waveform generator (33500B, Agilent) and an amplifier (HAS 4101, NF) was used as electric power
source, and the voltage was applied to the interconnect for approximately 3 min. The frequency of the
applied voltage was 100 kHz because a previous study reported that the number of trapped gold
nanoparticles was determined by the frequency, and 100 kHz was suitable for nanoparticle chain formation
[83]. The voltage applied across the crack, Verack, and the current flowing in the assembled nanoparticles

were changed by changing both the resistance of the resistor, Ry, and the voltage applied to the circuit,
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Figure 2.5 Observation setup for gold nanoparticle chain formation.

Vai. The values of Rres were 4.6 kQ, 1.8 kQ, 0.99 kQ, 0.46 kQ, and 0.18 kQ. When a nanoparticle chain
bridges the crack, Verck decreases to Verack’ because the impedance of the cracked gold interconnect
decreases sharply. Veck Was monitored using an oscilloscope (DSO-X 2024A, Agilent). The value of
Van/Ryres Was used as the representative value of current flowing in a nanoparticle chain. Once nanoparticles
were trapped and a nanoparticle chain was formed in the crack, the nanoparticle chain retained its form
even after the applied voltage was stopped. After the nanoparticle formation, the cracked interconnect was
washed with pure water and dried for scanning electron microscope (SEM) observation.

The setup for direct observation of the process of nanoparticle chain formation was as follows. A
citrate-buffered aqueous medium of 150-nm-diameter gold nanoparticles was also dropped on the 10-um-
wide crack and covered with a cover glass. Based on the results of the above observation, Verack and Vaii/Ryes
were set to 1.9 Vi and 11 mAms to represent the low voltage case, 10.3 Vims and 60 mAms to represent
the high voltage with high current case, and 8.9 Vims and 1.8 mA s to represent the high voltage with low
current case. A high-speed optical microscope (VW-9000, Keyence) with a magnification of 3,000x was
used for the direct observation. The frame rate of microscopy was 4,000 fps (0.25 ms/frame). Metal halide
lamps were used as both the top and bottom light sources of the microscope to obtain sufficient light

intensity for the direct observation.

2.3.3 Results and Discussion

Figure 2.6 depicts a condition plot for nanoparticle chain formation in the case of a 10-pm crack width,
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Figure 2.6  Formation condition plot between applied voltage, Verack, and representative value of current,
Vail/Ryes, for 10-um-wide crack.

Figure 2.7 (a) SEM image for 2.0 Vims with 4.9 mAms, (b) 10.0 Vims with 60 mA;ms, and (¢) 8.1 Vims
with 6.4 mAms in Figure 2.6.

and Figure 2.7 shows the SEM image in each voltage and current condition. When a Verack was 4.1 Vims or
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5000.00 ms

Figure 2.8 Series of optical images showing gold nanoparticle chain formation for low voltage applied
to cracked gold interconnect. (a) and (b) Nanoparticle chain not observed clearly.

less, a nanoparticle chain was not observed, as shown in Figure 2.7a. This indicates that the
dielectrophoresis force on the nanoparticles was weak owing to the low applied voltage, and the
nanoparticles were not trapped to the crack. When a voltage greater than or equal to 6.1 Vs with a current
greater than or equal to 19 mAms was applied, an imperfect nanoparticle chain was observed in the crack,
as shown in Figure 2.7b. A micrometer-sized lump of gold was observed in part of the imperfect
nanoparticle chain, which indicates that some of the nanoparticles in the nanoparticle chain had melted by
Joule heating. Conversely, a nanoparticle chain was observed in the crack when a voltage greater than or
equal to 6.1 Vs with a current less than or equal to 15 mA.ms was applied across a crack of the interconnect,
as shown in Figure 2.7c. This indicates that a nanoparticle chain can be formed even in a large crack when
a high voltage with low current is applied. A nanoparticle chain was often formed around the edges of the
cracked interconnect, as shown in in Figure 2.7. This is because nanoparticles were trapped more at the
edges because the gradient of the electric field was especially strong around the edges.

The series of optical images shown in Figures 2.8, 2.9, and 2.10 are the results of the direct
observations of nanoparticle chain formation for low voltage, high voltage with high current, and high
voltage with low current. When a low voltage was applied to the interconnect, nanoparticles were not
trapped in the crack, as depicted in Figures 2.8a and 2.8b. However, when a high voltage with high current
was applied, some nanoparticles were trapped and an assembled nanoparticle structure was formed in the
crack at the beginning of microscopy, as shown in Figure 2.9a. Approximately 5 s later, the number of
trapped nanoparticles increased and the assembled nanoparticle structure was growing as a chain structure,

as shown in Figure 2.9b. Subsequently, the nanoparticle chain suddenly started to break just when the
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Figure 2.9 Series of optical images showing gold nanoparticle chain formation for high voltage with
high current. (a, b) Nanoparticle chains growing. (¢, d) One nanoparticle chain is bridging and being
broken. (e) Another nanoparticle chain is regrowing. (f, g, and h) Nanoparticle chain being broken again.

nanoparticle chain bridged the crack, as shown in Figure 2.9¢, and some microbubbles were observed
around the crack (Figure 2.9d). This indicates that part of citrate-buffered aqueous medium around the
nanoparticle chain was suddenly heated and evaporated by Joule heating, thus breaking the nanoparticle
chain. Approximately 4 s later, another nanoparticle chain was growing again, as depicted in Figure 2.9¢,
and subsequently began to break again just when the nanoparticle chain bridged the crack (Figure 2.9f).
Some microbubbles were observed again, as shown in Figures 2.9g and 2.9h. This breaking process was
repeatedly observed while voltage was applied across the crack of the interconnect. When a high voltage
with low current was applied, nanoparticles were also trapped, especially at the edges of the cracked

interconnect, as shown Figure 2.10a. Subsequently, one of the nanoparticle chains grew rapidly (Figures
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3682.50 ms
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Figure 2.10 Series of optical images showing gold nanoparticle chain formation for high voltage with
low current. (a) Nanoparticles trapped in crack. (b, ¢) Nanoparticle chain growing. (d) Nanoparticle chain
bridging crack.

2.10b, 2.10c, and 2.10d), bridging a crack in approximately 4 ms. In this case, microbubbles were not

observed around the nanoparticle chain.

2.4 Measurement of Maximum Allowable Current and Resistance of
Nanoparticle chain

Based on the results of the observation of nanoparticle chain formation, important parameters for the self-
healing metal interconnect using the dielectrophoresis of metal nanoparticles, such as the maximum
allowable current, Imax, and the resistance of the nanoparticle chain formed in the crack, Rchain, Were

experimentally measured.
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Figure 2.11 Measurement setup for maximum allowable current, /nax, and resistance of nanoparticle

Chain: Rchain-

Figure 2.12 SEM images of gold nanoparticle chain in crack of gold interconnect on glass substrate
corresponding to crack widths of (a) 5 um, (b) 10 um, (¢) 15 pm, (d) 20 um, (e) 25 pm, and (f) 30 pm.

241 Measurement Setup

A cracked gold interconnect with a 5-to-30-pm-wide crack on a glass substrate was fabricated, and each

crack was covered with a citrate-buffered aqueous medium of 150-nm-diameter gold nanoparticles. AC
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Figure 2.13 Resistance of nanoparticle chain in cracked gold interconnect, Rchain, changes with
increasing current in 10-pm-wide crack.

voltage (Verack and Vai/Rres were 15 Vims and 4.9 mAms, respectively) was applied to each cracked gold
interconnect in the same manner as shown in Figure 2.5. It was confirmed that a nanoparticle chain was
formed in each cracked interconnect, as depicted in Figure 2.12. Subsequently, each bridged gold
interconnect was connected to a source meter (2614B, Keithley Instruments), and increasing current was
applied to each nanoparticle chain while measuring the resistance of the healed gold interconnect. The
resistance of the uncracked gold interconnect was 5.8 Q; therefore, Renain Was given by subtracting 5.8 Q
from the resistance of the healed gold interconnect. During the measurement, each crack was covered with
gold nanoparticle dispersion, and the current was gradually increased in steps of 1.0 mA. During each step,
current was applied for several seconds until the value of the resistance became stable because the value

of the resistance gradually decreased during each step. The number of trials for each crack width was five.

24.2 Results and Discussion

Figure 2.13 illustrates the resistance change of Rchain in the case of a 10-pm-wide crack. Rehain increased

slightly from 1.0 to 5.0 mA. However, Rchin decreased as the current increased beyond 5.0 mA, and Renain
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Figure 2.14 Maximum allowable current, /max, as determined by crack width.

increased sharply when the current increased from 20.0 to 21.0 mA. This indicates that a nanoparticle
chain was broken by excessive current. After the measurement, it was confirmed that a nanoparticle chain
was broken by the SEM observation. Hence, /max is 20 mA in Figure 2.13. Regarding the decrease in Rchain,
this might occur because of the decrease in the contact resistance of the nanoparticle chain. Rehain 1S

expressed by the following:

Rchain = Rcrc + n(Rcrp + Rirp) (26)

where R is the contact resistance between the nanoparticle chain and the crack surface, # is the integer
of the number of nanoparticles where current flows, Rcrp is the contact resistance between the nanoparticle
surfaces, and Rjyp is the internal resistance of the nanoparticles. When current flowing through the
nanoparticle chain increases in the range of lower current, Rjy is increased by a temperature increase in
each nanoparticle according to Joule heating. Therefore, Rcnain increases, as shown in Figure 2.13.
Conversely, when the current increase is in the range of the higher current, each nanoparticle might
gradually start melting as a result of Joule heating. In this case, in Equation (2.6), R and R decrease.
Therefore, Rchain decreases as current increases, as shown in Figure 2.13.

Figure 2.14 depicts the measurement results of /max determined by the crack width. /nax decreased
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Figure 2.15 SEM images of nanoparticle chain with partially single-nanoparticle bridging structure.
Crack width is 10 pm.

as the crack width increased from 5 pm to 15 pm. /max was approximately 11 mA from 15 um to 30 pm,
which indicates that /max must be 11 mA for a crack width greater than 30 um. Therefore, when an aqueous
dispersion of 150-nm-diameter gold nanoparticles is used, a nanoparticle chain must be formed in a crack
several tens of micrometers wide when a high voltage (for example, 15 Vi, or higher) with a current less
than 11 mA is applied. The value change of /max as determined by the crack width might be because a
single-nanoparticle bridging structure is partially formed in the nanoparticle chain structure. When the
crack width is greater than 10 um, it was observed that a single-nanoparticle bridging structure was
partially formed in the nanoparticle chain structure, as shown in Figure 2.15. The nanoparticle chain might
break owing to Joule heating at the single-nanoparticle bridging structure; therefore, in the range of wider
crack width in Figure 2.14, I;max shows a constant value. This indicates that /max might be determined by
the diameter of the nanoparticle. When the crack width was smaller than 10 pm, a single-nanoparticle
bridging structure was sometimes not observed in the nanoparticle chain structure. In this case, /max might
show a higher value. Therefore, /max in the range of a smaller crack width shows a wide range of values,
as shown in Figure 2.14.

Figure 2.16 shows the measurement results of Rchain determined by the crack width. Rehain at 1.0
mA and /max are depicted in Figure 2.16. In both cases, Rchain increased almost linearly as the crack width
increased. The value of Rchain at 1 mA and Imax ranged from 23 to 94 Q and 10 to 65 Q, respectively, when
the crack width ranged from 5 to 30 pm. Compared with the values of Rcpain at 1.0 mA and /max, the values
of Rchain at Imax were lower than those of Renain at 1.0 mA. The plots by the least-square method show that

the rate of change is similar, and the intercept of Rchain at /max 1S lower than Rehain at 1.0 mA. This indicates
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Figure 2.16 Resistance of nanoparticle chain in cracked gold interconnect, Rchain, as determined by crack
width.

that Rer is significantly decreased by Joule heating in Equation (2.6). Regarding Equation (2.6), Rerp and
Rirp, must be determined by the number of nanoparticles in the nanoparticle chain formation. This means
that Rerp and R, must be determined by the crack width. Therefore, in Figure 2.16, the rate of change must
be determined by Rcp and Rip. In contrast, Re is not determined by the crack width; Rec must be

intercepted in Figure 2.16. Therefore, R is significantly decreased by Joule heating.

2.5 Measurement of Forming Time

Forming time, f#rm, which is also an important parameter for the self-healing ability using
dielectrophoresis, was measured. In the theoretical analysis section, the result indicates that a higher
voltage applied to the cracked interconnect causes a stronger dielectrophoresis force on the nanoparticles
near the crack. Therefore, frm decreases as the applied voltage increases. Additionally, frm must be

determined by the crack width. Therefore, measurements of #rrm With different applied voltages and crack

widths were conducted.
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Figure 2.17 Measurement setup for forming time, #form.

2.5.1 Measurement Setup

Figure 2.17 depicts the measurement setup for trm. The setup was basically the same as that for the
observation of nanoparticle chain formation. The cracked gold interconnect (crack width formed at 5 to
25 pum) was covered with a citrate-buffered aqueous medium of 150-nm-diameter gold nanoparticles. A
resistor (10 kQ) was connected to the cracked interconnect in series, and an AC voltage of 100 kHz was
applied across both the cracked interconnect and resistor by a waveform generator and an amplifier for
approximately 3 min. The voltage applied to the cracked interconnect, Verack, Was 10 Vi or 12 Vims. When
a nanoparticle chain bridges the crack, Veck changes to Verack” because of the decrease in the impedance
of the cracked interconnect. The change in Verack Was monitored using a data logger (GL7000, Graphtec)
with a high-speed voltage unit (GL7-HSV, Graphtec). The time between the start of applying the voltage

and the sharp decrease in Verack is defined as tform. The number of trials was six.

25.2 Results and Discussion

Figure 2.18 shows the measurement result of #7m as determined by the crack width. In both cases of 10
Vims and 12 Vims, form increased as the crack width increased. The values of ftorm for 10 Vims and 12 Vi
ranged from 15 to 47 s and 7 to 21 s, respectively, when the crack width was 5 to 20 pm. When the crack

width was 25 um, the cracked interconnect was healed only three times in 3 min in the case of 10 Vipys.
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Figure 2.18 Forming time, tfom, as determined by crack width.

This indicates that #rm decreased when a higher voltage was applied to the cracked interconnect. This

must occur because higher voltages applied to the cracked interconnect cause a stronger dielectrophoresis

force on the nanoparticles near the crack.

2.6 Summary

The conditions for nanoparticle chain formation in a crack that is several tens of micrometers wide were
studied by both theoretical analysis and experiments. In the theoretical analysis section, the formation
process of a nanoparticle chain was divided into trapping and bridging processes, and each process was
analyzed. For the trapping process, the forces acting on a nanoparticle during the trapping process were
analyzed. The nanoparticles were trapped and adhered to the cracked interconnect with a large crack when
a certain voltage or higher was applied to the interconnect. The voltage is Viap, in Which the total force
acting on the nanoparticles becomes attracted to the crack surface. The physical phenomena during the
bridging process were analyzed for the bridging process, and the Joule healing caused in the nanoparticles
of the nanoparticle chain by the current breaks the nanoparticle chain when the nanoparticle chain bridges

a large crack. Therefore, a nanoparticle chain can be formed in a crack several tens of micrometers wide
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only when a voltage higher than V., with a current lower than /max is applied. In the experiment section,
observations and measurements were conducted to verify the analysis result obtained in the theoretical
analysis section. First, certain voltages with changing currents were applied to a 10-pm-wide crack to
confirm that a nanoparticle chain is formed in a large crack when a high voltage with low current is applied.
In this research, an aqueous dispersion of 150-nm-diameter gold nanoparticles was used. As a result,
nanoparticle chain formation was observed in a crack only when 6.1 Vs or higher with 15 mAms or lower
was applied. Additionally, the process of nanoparticle chain formation was directly observed with high-
magnification and high-speed microscopy to understand the behavior of nanoparticle chain formation. As
a result, when a low voltage was applied, the nanoparticles were not trapped in the crack. Conversely,
when a high voltage with high current was applied, the repeated growth and breakage of a nanoparticle
chain in the crack was observed. Further, microbubbles were observed around the nanoparticle chain when
it bridged the crack. When a high voltage with low current was applied, the rapid growth of a nanoparticle
chain to bridge the crack was observed in approximately 4 ms. In this case, microbubbles were not
observed around the nanoparticle chain. Next, /max and Rchain Were measured with increasing current
applied to the nanoparticle chain. The value of Imax decreased as the crack width increased, and Imax was
approximately 11 mA for crack widths in the range of 15 to 30 pm in the case of an aqueous dispersion of
150-nm-diameter gold nanoparticles. This result indicates that a nanoparticle chain must be formed in a
crack several tens of micrometers wide when a high voltage with current lower than 11 mA is applied. The
value of Rchain increased almost linearly as the crack width increased, and the value at 1 mA and /max ranged
from 23 to 94 Q and 10 to 65 Q, respectively, when the crack width was from 5 to 30 um. The resistance
of the metal interconnect healed by the dielectrophoresis of metal nanoparticles must be lower when a high
voltage with the maximum allowable current is applied. Finally, #rorm was measured with different voltages
applied to the interconnect. As a result, the values of #form for 10 Vi and 12 Vs ranged from 15 to 47 s
and 7 to 21 s, respectively, when the crack width was 5 to 20 pm. Therefore, #fm must be shorter when a

higher voltage is applied to the cracked interconnect.
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Chapter 3 Crack Configuration of Metal

Interconnect

3.1 Introduction

In this chapter, to understand the mechanical design principles of a self-healing metal interconnect, factors
determining the crack configuration of a metal interconnect are studied. Regarding the self-healing metal
interconnect using the dielectrophoresis of metal nanoparticles, an applied voltage needed for self-healing
is determined by the number of cracks and crack width; therefore, the two parameters are important. As
mentioned above, various metal interconnects for flexible devices have been proposed, and the crack
configurations of the metal interconnects observed in previous studies differ considerably. Some studies
reported many microcracks (such as randomly distributed tribrached microcracks), whereas other studies
reported a few large cracks that propagated and crossed the metal interconnect perpendicular to the
deformation direction. the applied voltage needed for self-healing in the latter case is much lower than in
the former case. However, the factors determining the crack configurations are still not clear. This might
be because the focus of many previous studies was to prevent breaking the conductive interconnect and

achieving high stretchability while maintaining high conductivity.
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Theoretical analysis and experiments were conducted to understand the factors determining the
crack configurations of a stretched metal interconnect. In the theoretical analysis section, the stretching
deformation of a metal interconnect embedded in an elastomer is analyzed. In the experiments section, to
verify the results obtained in the theoretical analysis section, straight-shaped metal interconnects are
fabricated, and cracks caused on the interconnect by stretching deformation are observed. In this research,
cracks were analyzed with respect to the crack width and the number of cracks. Next, to measure the
breaking elongation and crack width of a metal interconnect that is broken with a large single crack, wave-

shaped metal interconnects are fabricated, and cracks caused by stretching deformation are observed.

3.2 Theoretical Analysis

The stretching deformation of a metal interconnect embedded in an elastomer is analyzed to understand

the factors determining crack configurations.

3.2.1 Theoretical Calculation

Figure 3.1a shows a schematic illustration of a cracked metal interconnect embedded in an elastomer. In
Figure 3.1a, it is assumed that the thickness of the metal interconnect is several tens of nanometers to
several tens of micrometers, and the thickness of the elastomer is several tens of micrometers to several
millimeters. A small crack is caused in the interconnect, and both the interconnect and the elastomer are
deformed by a constant balanced force. In Figure 3.1a, the strain in the cracked region is denoted as ¢4 and
that in the non-cracked region as ep; it is assumed that all of the strains are uniform over each region, and
that e, is larger than ¢g, as shown in Figures 3.1b, c. These figures illustrate the simplified stress-strain
curves of a metal interconnect and an elastomer in Figure 3.1a. For flexible devices, copper or gold is often
used in conductive interconnect layers, and polyurethane (PU) or polydimethylsiloxane (PDMS) is used
in elastomer layers. Therefore, the stress-strain curves are simplified based on the material. The balanced

force around the boundary between the cracked and non-cracked regions in Figure 3.1a is expressed as

£AEelast Aelast = Ubrea.kAinter + l‘EBEelast

Aelast (3 Bl )
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(a) metal interconnect elastomer
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Figure 3.1 Theoretical calculation for factors determining crack configurations of stretched metal
interconnect. (a) Schematic illustration of cracked metal interconnect embedded in elastomer. (b)
Simplified stress-strain curve of metal interconnect layer. (c) Simplified stress strain-curve of elastomer.

where Eclast, Aclasts Obreak, and Aineer are the Young’s modulus of the elastomer, cross-sectional area of the
elastomer, breaking stress of the metal interconnect, and cross-sectional area of the metal interconnect,

respectively. Focusing on ¢4 and &g, Equation (3.1) is expressed by the following:

Obreak Ainter

EN—Ep =
A B E A
elast

(3.2)

elast

The left side of Equation (3.2) is the difference between e and &g, and the right side is the elongation
stiffness ratio of the metal interconnect and elastomer. Therefore, Equation (3.2) indicates that the
difference between ea and eg is determined by the elongation stiffness ratio of the metal interconnect and

elastomer. When the elongation stiffness ratio is considerably small (when the elongation stiffness of
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Figure 3.2 Schematic illustrations of crack configurations of stretched metal interconnect. (a) Multiple-
crack growth type and (b) single-crack growth type.

elastomer is much larger than the elongation stiffness of metal interconnect), Equation (3.2) is

GbreakAinter ~0
E

elast“*elast

Ex—¢EB = (3.3)

In this case, ea and eg show nearly the same value; therefore, other cracks are caused in the non-cracked
region as the metal interconnect is stretched further, as shown in Figure 3.2a. In this research, this crack
configuration is referred to as a multiple-crack growth type. When the ratio of the elongation is greater
than zero (when the elongation stiffness of metal interconnect is much larger than the elongation stiffness
of elastomer), a crack already caused in the metal interconnect increasingly propagates as the metal
interconnect is stretched further, as shown in Figure 3.2b. This crack configuration is referred to as a

single-crack growth type.
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Table 3.1 Relationship between calculated values of elongation stiffness ratio and crack configurations,
in previous studies and this research.

reference structure Otreak Ainter crack
E i Actast configuration
[84] tinter = 0.05 pum (gold) 001
(straight-shaped) felast = 1 mm (PDMS) '
[85] tinter = 0.05-0.1 um (gold) 3
(straight-shaped) fetast = 1 mm (PDMS) 0.01-0.02
[86] tinter = 0.075 um (gold) .
(straight-shaped) feiast = 0.3 mm (PDMS) 0.06 multiple
[87] tinter = 0.035 wm (gOld) 007
(straight-shaped) telast = 0.12 mm (PDMS) '
[88] tinter = 0.04 pm (gO]d) 012
(straight-shaped) telast = 0.076 mm (PDMS) '
[53]
. finter = 2.5—5 pum (gold)
(straight-shaped fetasc = 0.4 mm (PDMS) 1.44-2.88
/wave-shaped)
[89] tinter = 18 pm (copper) )
(wave-shaped) fesst = 1 mm (PDMS) 2.76 single
[90] tinter = 17 pum (copper) 26,15
(wave-shaped) felast = 0.1 mm (PDMS) '
: linter = 0.04-1.17 um (COpper) . multlple/
This research fetast = 0.1 mm (PU) 0.03-0.78 single
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3.2.2 Relationship between Elongation Stiffness Ratio and Crack Configuration in

Previous Studies

To examine the relationship between the elongation stiffness ratio of metal interconnect and elastomer and
the crack configurations, the value of the ratio was calculated with reference to previous studies. In the
calculation, it is assumed that the widths of the metal interconnect and elastomer are considerably greater
than the thicknesses of the metal interconnect and elastomer; therefore, Equation (3.2) is expressed as

follows:

€ £ = Ubrea.ktinter
AT BT
Eelastt

(3.4)

elast

where tinier and Ze1as are the thicknesses of the metal interconnect and elastomer, respectively. Table 3.1 lists
the calculated values of the elongation stiffness ratio using Equation (3.4). The values that are used in
Table 3.1 are as follows: Eclase of PDMS was 1.3 MPa [91], opreak of gold thin film was 0.3 GPa [92], and
Obreak Of copper thin film was 0.2 GPa [93]. Mechanical properties of bulk metals and metal thin films often
show different values; these cited values are used in Table 3.1. Table 3.1 indicates that a multiple-crack
growth type is often observed when the value of elongation stiffness is lower than approximately 0.1. A
single-crack growth type is often observed when the value of elongation stiffness is higher than

approximate unity.

3.3 Observation of Crack Configuration Transition

To verify the results of the theoretical analysis, metal interconnects with different elongation stiffness ratio
were fabricated, and the cracks caused in the metal interconnect by the stretching deformation were
observed. In this research, the elongation stiffness ratio was varied by changing the thickness of the metal
interconnect. The shape of the metal interconnect was a straight-shaped conductive interconnect, and the
metal interconnect thickness was in the range of 0.04—1.17 um. The metal interconnects were fabricated
through a transfer method, where a deposited thin metal film was transferred on an elastomer. In previous
studies, to form a metal interconnect in elastomer, a thin metal layer was often directly deposited on an
elastomer layer by thermal or electron-beam deposition. An elastomer such as PU or PDMS, however,
changes its mechanical property around the boundary between the thin metal layer and elastomer layer

owing to thermal damage through deposition process. In this case, the mechanical property is unclear, and
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(a) (b) icutter (©) (d

[J:copper [ _]:PTFE []:PU

Figure 3.3  Fabrication of straight-shaped copper interconnect embedded in PU. (a) Thermal deposition
of copper layer on PTFE sheet. (b) Cutting of PTFE sheet. (¢) Transfer of copper interconnect onto PU
tape. (d) Lamination of another PU tape.

copper track

5
\

Figure 3.4 Optical images of fabricated copper interconnect embedded in PU.

it is difficult to understand the factors that determine the crack configurations. In both the thermal
deposition and transfer methods, some microcracks might be pre-formed in the metal layer; however, the
transfer methods are more effective because of a lack of thermal damage. Moreover, if there are pre-formed
microcracks, they have slight effect on the crack configuration. For the multiple-crack growth type, new
microcracks are caused in addition to the pre-formed microcracks. For the single-crack growth type, some
of the pre-formed microcracks propagate and become large cracks. Therefore, in this research, a transfer

method in which the metal interconnect layer is transferred onto the elastomer was used.

3.3.1 Fabrication

The fabrication process of a metal interconnect embedded in an elastomer is illustrated in Figure 3.3.
Initially, a polytetrafluoroethylene (PTFE) sheet was cut into 20 x 30 mm sheets, and a copper layer was
deposited on these PTFE sheets by a thermal evaporation system (SVC-700TMSG/7PS80, Sanyu

Electron), as shown in Figure 3.3a. The thickness of the metal interconnect, finwer, was 0.04, 0.10, 0.18,
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Figure 3.5 Optical Images of experimental setup.

0.53, and 1.17 um. The copper layer and the PTFE sheet were cut in the shape of a metal interconnect with
a width of 3 mm, as shown in Figure 3.3b, and they were pasted onto a 0.05-mm-thick PU tape (Tegaderm
9534HP, 3M). The PTFE sheet was then peeled from the PU tape, and the copper layer was transferred
from the PTFE sheet to the PU tape, as shown in Figure 3.3c. Finally, another PU tape was pasted on the
copper interconnect layer (Figure 3.3d), and the PU layer was cut into a shape with a width of 10 mm, as
shown in Figure 3.4e. For the fabricated samples, when the value of opreak 0f copper thin film is 0.2 GPa
[93] and Eclast of PU is 3 MPa, the calculated elongation stiffness ratio of each sample is 0.03, 0.07, 0.12,
0.35, and 0.78 at finer = 0.04, 0.10, 0.18, 0.53, and 1.17 um, respectively. Equation (3.4) is used in this

calculation of elongation stiffness ratio.

3.3.2 Observation Setup

Figure 3.5 shows the setup for crack observation. A fabricated sample was mounted onto movable stages.
The sample was stretched gradually by moving the stages, and the crack formation was observed with an
optical microscope (VHX-2000, Keyence) when the elongation rate was 10%, 20%, 30%, 40%, and 50%,
respectively. The elongation rate was calculated by dividing the initial distance between the stages by

displacement of the movable stage.

3.3.3 Results and Discussions

A series of optical images of a cracked copper interconnect is depicted in Figures 3.6, 3.7, and 3.8.
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Figure 3.6  Series of optical images of cracked copper interconnect in PU with interconnect thicknesses
0f 0.04 um (the calculated elongation stiffness ratio was 0.03).

(c) 50%

Figure 3.7 Series of optical images of a cracked copper interconnect in PU with interconnect thicknesses
of 0.10 um (the calculated elongation stifness ratio was 0.07).

Regarding a stretched interconnect with finer = 0.04 um (the calculated elongation stiffness ratio was 0.03),
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(a) 10% T 48 (b) 30% |

Figure 3.8 Series of optical images of cracked copper interconnect in PU with interconnect thicknesses
of 0.53 um (the calculated elongation stiffness ratio was 0.35).

several smaller cracks were caused in the copper interconnect, as shown in Figures 3.6a—c. When the
elongation rate was 10%, few cracks were caused in the copper interconnect, as shown in Figure 3.6a. As
the elongation rate increased, new other cracks were caused, and the number of cracks increased, as shown
in Figures 3.6b, c. This indicates that a crack configuration with #iner = 0.04 pm shows a multiple-crack
type. This result corresponds to the results of Table 3.1. In this case, the copper interconnect might be not
completely broken and might be electrically conductive even if it was stretched up to several tens of
percent. For a stretched interconnect with finer = 0.53 um (0.35 was the calculated elongation stiffness
ratio), several larger cracks were observed in the copper interconnect, as shown in Figures 3.8a—c. The
cracks propagated along the interconnect’s width direction, which was nearly perpendicular to the
stretching direction. The crack width increased with an increase in the elongation rate, whereas the number
of cracks was nearly constant. Regarding #iner = 1.17 pm (0.78 was the calculated elongation stiffness
ratio), a similar trend was observed. This indicates that the crack configuration for finer = 0.53 and 1.17
um shows single-crack growth type, and this result also corresponds to the results of Table 3.1. In this
case, the copper interconnect might be completely broken and lose its conductivity even when the

elongation rate was under several percent because of the larger crack propagation. Regarding a cracked
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Figure 3.9 Schematic illustrations of (a) measurement of crack width and (b) number of cracks.

interconnect with finer = 0.10 and 0.18 um, an intermediate type of crack configuration was observed, as
shown in Figures 3.7a, b. Many microcracks occurred, and each crack propagated as the elongation rate
increased.

In order to better understand crack configuration transition, a numerical analysis of the crack width
and number of cracks was conducted. The crack width and number of cracks were measured from an
optical image of a cracked copper interconnect, and the transitions of the crack width and number of cracks
were analyzed. Figure 3.9 illustrates measurement of crack width and the number of cracks. The crack
width was measured as follows: seven cracks were randomly selected on the optical image of a cracked
copper interconnect, and the values of each crack area were measured. The crack width was calculated by
dividing each area by the height of each crack; therefore, the calculated crack width means the average
value of the crack width along the stretching direction. The number of cracks was calculated as follows:
seven lines were drawn on an optical image of a cracked copper interconnect at regular intervals, as shown
in Figure 3.9b, and the number of cracks across the line were counted. The direction of the line was along
the stretching direction, and the line was drawn end-to-end on the optical image. The counted number was
divided by the reference distance, which was 100 pm for an elongation of 0%. Therefore, the calculated
number of cracks is the average value of the reference distance. Figures 3.10a, b depict the results of
numerical analysis of the crack width. As shown in Figure 3.10a, the crack widths regarding tinier = 0.04,
0.10, and 0.18 um ranged from several micrometers to several tens of micrometers. The crack widths
regarding finer = 0.53 and 1.17 pm ranged from several tens to hundreds of micrometers. Figure 3.10b
depicts the normalized crack width by the value of the crack width at a 10% elongation rate. Regarding

tinter = 0.04 pm, the normalized crack width ranged from 1 to 2. However, for finer = 0.10, 0.18, 0.53, and
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Figure 3.10 Relationship between (a) crack width and elongation rate, (b) normalized crack width and
elongation rate, (c) number of cracks and elongation rate, and (d) normalized number of cracks and
elongation rate. Reference distance was 100 um for elongation of 0%.

1.17 um, the normalized crack width increased almost linearly as the elongation rate increased. This
indicates that the crack width is nearly constant or increases marginally as the elongation rate increases,
when the crack configuration is the multiple-crack growth type. Conversely, when the crack configuration
is the single-crack growth type, the crack width increases almost linearly. Figures 3.10c, d depict the results
of numerical analysis of the number of cracks. The number of cracks per reference distance was more than
one for finer = 0.04, 0.10, and 0.18 pm. However, when finer = 0.53 and 1.17 pm, the number of cracks was

approximately zero. Figure 3.10d depicts the normalized number of cracks by the value of the number of
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Figure 3.11 Fabrication of wave-shaped copper interconnect embedded in PU. (a) Lamination of copper
foil on PU sheet. (b) Spin-coating of photoresist on copper foil. (c) Development and patterning of
photoresist. (d) Wet-etching of copper foil. (¢) Removal of photoresist. (f) Lamination of PU tape on

structured copper.

(©
®
o

(e)

copper track

contact pad

0.3 mm

Figure 3.12 Optical images of wave-shaped copper interconnect in PU.

cracks at a 10% elongation rate. When finer = 0.04 um, the normalized number of cracks increased from
approximately 1-90 as the elongation rate increased. However, for finer = 0.10, 0.18, 0.53, and 1.17 pm,
the normalized number was nearly constant at unity. That indicates that when the crack configuration is
the multiple crack-growth type, the number of cracks increases suddenly as the elongation rate increases.
Conversely, when the crack configuration is the single-crack growth type, the number of cracks is nearly

constant.
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10 mm

Figure 3.13  Optical images of experimental setup.

3.4 Measurement of Crack Width and Breaking Elongation

To measure the breaking elongation and crack width of a metal interconnect with a single crack growth,
wave-shaped metal interconnects with a single crack growth were fabricated and the cracks were observed.
The required voltage for a self-healing ability using the dielectrophoresis of metal nanoparticles depends
on the crack width; therefore, the crack width is an important parameter for self-healing. Furthermore, the
breaking elongation is also an important parameter for flexible devices. This research focused on the
thickness of the metal interconnect and the thickness of the elastomer; therefore, a metal interconnect with
different thicknesses of metal interconnect and elastomer was used in the measurement. In the

measurement, copper and PU were used for the metal interconnect and elastomer, respectively.

341 Fabrication

Figure 3.11 illustrates the fabrication process for a wave-shaped copper interconnect. Initially, rolled
copper foils (Nilaco) of various thicknesses (2, 4, 6, 8, and 10 um) were thermally laminated onto a PU
sheet (Platilon 4201, Covestro AG), as shown in Figure 3.11a. The thickness of the PU sheet was 0.05,
0.1, 0.15, and 0.2 mm. In the lamination process, the copper foil was surface-modified by a plasma cleaner
(PDC-32G, Harrick Plasma). The copper foil and PU sheet were heated at 100 °C for 3 min without
pressure and were then pressed at approximately 0.4 MPa at 170 °C for 3 min. Subsequently, the copper
foil was patterned to the wave-shape through a photolithography process. Photoresist was spin-coated onto

the copper foil as shown in Figure 3.11b and patterned into a wave-shaped interconnect and contact pads
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Figure 3.14 Relationship between resistance-change rate and elongation rate for wave-shaped copper
interconnect (6 um in copper thickness and 50 um in PU substrate thickness).

100 pm ~

Figure 3.15 Enlarged optical images of broken point of wave-shaped copper interconnect (6 pm in
copper thickness and 50 um in PU substrate thickness).

(Figure 3.11c¢). Further, the copper layer was wet-etched as shown in Figure 3.11d, and the photoresist was
removed (Figure 3.11e). After the photolithography process, a PU tape was laminated only on the wave-
shaped copper interconnect, as shown in Figure 3.11f. Finally, the individual samples were separated.
Figure 3.12 depicts the fabricated wave-shaped copper interconnect, which is embedded in a PU. The

dimensions of each sample were 25 mm by 5 mm. The width of the copper interconnect was 0.1 mm, and

Electrical and Mechanical Design Principle of Self-Healing Metal Interconnect and
Its Application for Flexible Device



49

Chapter 3 Crack Configuration of Metal Interconnect

120 copper PU sheet copper PU sheet
e :2um 0.05mm e:6pum 0.1 mm
100 - m:4pum 0.05mm m:6um 0.15mm
@ :6um 0.05mm ¢:6ym 0.2mm +
¢:8um 0.05 mm
g 80 A:10pm 0.05 mm )_L(
= —— |
S 60t T } Il
z I » :
Re [ ¢ 1
§ l |
3} 40 B i 4 - 1
20 + -
HOH
O 1 1 1 1 1 l
0 10 20 30 40 50 60

breaking elongation rate [%]

Figure 3.16 Relationship between breaking elongation rate and crack width of wave-shaped copper
interconnect.

it was arranged between two large contact pads that were 5 mm apart. The radius of the copper interconnect
was 0.15 mm. The calculated elongation stiffness ratio of each sample was 0.89-4.45, when the values of
Obreak Of copper thin film was 0.2 GPa [93] and the Elasc values of the PU tape and PU sheet were 3 and 6

MPa, respectively. In this calculation of elongation stiffness ratio, Equation (3.4) was used.

3.4.2 Measurement Setup

Figure 3.13 shows the experimental setup. A fabricated sample were mounted onto movable stages. The
sample was clamped at the contact pads and electronically connected to a source meter (2614B, Keithley
Instruments). The resistance of the wave-shaped interconnect was measured by four probe methods for
detecting crack propagation. The sample was stretched gradually by moving the stages. The crack

formation was observed with an optical microscope (VHX-2000, Keyence).

3.4.3 Results and Discussion

Figure 3.14 depicts the resistance-change rate in terms of the elongation rate, for a wave-shaped copper
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interconnect with single-crack growth type. The copper thickness and PU substrate thickness were 6 um
and 50 um, respectively. The resistance-change rate gradually increased as the elongation rate increased,
and the resistance sharply increased at 42% of the elongation rate. That indicates that the copper
interconnect was completely broken. Optical images as shown in Figure 3.15 depict crack propagation of
the copper interconnect. When stretching deformation was gradually applied to the copper interconnect,
some crack initiations were observed around the apex of the wave shape as shown in Figure 3.15a. Each
crack gradually propagated as the elongation rate increased along the direction of the copper interconnect
width as shown in Figure 3.15b. This indicates that the resistance rate was increased by crack propagation
in Figure 3.14. The copper interconnects were completely broken, when the crack propagated completely
as shown in Figure 3.15¢. The crack configuration was the single-crack growth type in both cases.

Figure 3.16 shows the relationship between the breaking elongation and the crack width for each
sample of the wave-shaped copper interconnect. The breaking elongation was several tens of percent, and
the crack width was several tens of micrometers. For the sample with different thicknesses of copper
interconnect, the breaking elongation increased significantly as the thickness of the copper interconnect
increased. For the sample with different thicknesses of elastomer, the breaking elongation decreased as the
thickness of the elastomer increased. For the relationship between the breaking elongation and the crack
width, the crack width almost linearly increased as the breaking elongation increased. This indicated that
a larger elongation caused a higher strain energy in the copper interconnects, and wider cracks were caused

when the higher energy was released by the breaking of the copper interconnects.

3.5 Summary

Factors determining the crack configurations of a stretched metal interconnect embedded in an elastomer
were studied by both theoretical analysis and experiments. In the theoretical analysis section, theoretical
calculation results indicated that the crack configurations were determined by the elongation stiffness ratio
of the metal interconnect and the elastomer and are classified into two types: a multiple-crack and single-
crack growth types. With reference to previous studies, it was indicated that a multiple-crack growth type
is often observed when the elongation stiffness ratio is lower than approximately 0.1, and that a single-
crack growth type is often observed when the elongation stiffness ratio is higher than approximately unity.
In the experiments section, first, to verify the calculation results of the theoretical analysis, straight-shaped

copper interconnects with finer = 0.04—1.17 pm (the elongation stiffness ratio is 0.03—0.78) were fabricated,
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and cracks caused by stretching deformation were observed. As a result, the multiple-crack growth type
was observed when finer = 0.04 um, and the crack configuration gradually changed to a single crack as finger
increased. This corresponds to the result of the theoretical analysis. Second, wave-shaped metal
interconnects of the single-crack growth type were fabricated, and the breaking elongation and width of
the crack were measured. This research focused on the thickness of the metal interconnect and the
thickness of the elastomer; therefore, a wave-shaped copper interconnect with different thicknesses of
metal interconnect and elastomer was fabricated and stretched. As a result, the breaking elongation was
several tens of percent, and the crack width was several tens of micrometers. For the sample with different
thicknesses of copper interconnect, the breaking elongation increased significantly as the thickness of the
copper interconnect increased. For the sample with different thicknesses of elastomer, the breaking
elongation decreased as the thickness of the elastomer increased. Additionally, the crack width almost

linearly increased as the breaking elongation increased.
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Chapter 4 Flexible Device using Self-
Healing Metal Interconnect

4.1 Introduction

Based on the results of Chapter 2 and Chapter 3, flexible devices using self-healing metal interconnect
were developed. By controlling the crack configurations of the device’s metal interconnects to a single-
crack growth type and forming a nanoparticle chain in a large crack (several tens of micrometers) of one
of the metal interconnects, the self-healing metal interconnect was applied to flexible devices using the
dielectrophoresis of metal nanoparticles. In this chapter, first, to verify the self-healing of a metal
interconnect broken by stretching deformation and to evaluate the healing property under cyclic stretching
deformation, wave-shaped metal interconnects with a self-healing ability were fabricated, and the
impedance changes under the stretching deformation were measured. To evaluate the healing property, the
following parameters were studied: breaking elongation, impedance of a metal interconnect after self-
healing, and healing time. Second, a flexible device, which was composed of self-healing metal
interconnects and surface-mounted lite emitting diode (LED) chips was developed, and the applicability

of self-healing metal interconnects to flexible electric devices was demonstrated.
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Figure 4.1 Dimensions of self-healing gold interconnect for evaluation of self-healing property. (a) Top
view and (b) Cross-sectional view.

4.2 Healing Property Evaluation under Cyclic Stretching
Deformation

To verify the self-healing of a metal interconnect broken by stretching deformation and to evaluate the
healing property under cyclic stretching deformation, self-healing metal interconnects were fabricated,
and their impedance changes under the stretching deformation were measured. In this research, gold,

acrylic form (AF), and gold nanoparticle dispersion were used as a metal interconnect, an elastomer, and
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metal nanoparticle dispersion, respectively, because of their availability and chemical stability.

4.21 Design

Figure 4.1 depicts the dimensions of a self-healing gold interconnect fabricated to evaluate the self-healing
property. A wave-shaped gold interconnect on a substrate layer of AF was covered with gold nanoparticles
in a citrate-buffered aqueous medium (50 nm in diameter), and the gold nanoparticle dispersion was
encapsulated with a frame layer and a top layer of AF. The width and radius of the wave shape and the
thickness of the gold interconnect were 0.1 mm, 0.1 mm, and 0.01 mm, respectively. Contact pads were
fabricated at both ends of the gold interconnect to obtain electrical contact to a measurement system. The
distance between the contact pads was 9.7 mm, and the width of the contact pads was 2.5 mm. Regarding
each layer of AF, the thickness of the substrate, frame, and top layers was 0.6 mm, 1.0 mm, and 0.5 mm,
respectively. The breaking stress of gold was 0.2 GPa, and the Young’s modulus of AF was 1.8 MPa;
therefore, the elongation stiffness ratio of the gold interconnect and the substrate layer was 1.9. In this
case, the crack configuration of the gold interconnect was of a single-crack growth type; hence, a single
large crack (several tens to hundreds of micrometers in crack width) was formed in the gold interconnect
by stretching deformation. Regarding gold nanoparticle dispersions, the diameter was 50 nm, and the mass
ratio of the gold was 6-7 x 107 wt%. To form a nanoparticle chain in the crack of the broken gold
interconnect, approximately 20 Vi, of voltage was applied, and the current flowing just when

nanoparticles bridged a crack was controlled to 3—4 mA s.

4272 Fabrication

Self-healing gold interconnects were fabricated as illustrated in Figure 4.2. First, 10-um-thick rolled gold
foil (AU-173175, Nilaco) was ruminated to an adhesive sheet (Figure 4.2a), and the gold foil was patterned
to a wave shape with contact pads by laser cutting (Figure 4.2b). Second, the unnecessary gold foil was
peeled off with tweezers, as shown in Figure 4.2c, and the patterned gold foil was transferred to an 0.6-
mm-thick acrylic form adhesive tape (Y-4930, 3M) as a substrate layer. Then, electrical wirings for
electrical contact to a measurement system were laminated on the contact pads. A 1.0-mm-thick acrylic
form tape (Y-4910, 3M) patterned to the shape of a flame layer was laminated as shown in Figure 4.2e.
Gold nanoparticles in a citrate-buffered aqueous medium with a diameter of 50 nm (Au colloid solution-

SC 50 nm, Tanaka Kikinzoku Kogyo) were dropped into the flame layer. Finally, a 0.1-mm-thick acrylic
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Figure 4.2 Schematic of fabrication process of self-healing gold interconnect. (a) Laminating rolled
gold foil onto adhesive sheet. (b) Pattering gold foil to wave shape and contact pads by laser cutting. (c)
Peeling off unnecessary gold foil. (d) Transferring patterned gold onto AF adhesive tape as substrate layer.
(e) Laminating frame layer. (f) Dropping gold nanoparticle dispersion into flame layer. (g) Laminating
top layer.

form tape was laminated as a cover layer on the flame layer. Figure 4.3 shows optical images of a fabricated
gold interconnect. Only the wave-shaped gold interconnect was covered with the gold nanoparticle

dispersion as designed.

4.2.3 Measurement Setup

Figure 4.4 shows the measurement setup used to evaluate the healing property. A fabricated self-healing
gold interconnect was mounted on electrical movable stages (SGSP20-85, Sigma Koki), and stretching
deformation was gradually induced in the self-healing gold interconnect while measuring its impedance
change. The stages were connected to a stage controller (SOHT-204MS, Sigma Koki) to adjust and obtain
the value of stage displacement, d. A resistor (4.6 kQ in resistance) was connected to the self-healing gold

interconnect in series to control the current flowing after nanoparticles bridged the broken point of the
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Figure 4.3 (a) Optical image of self-healing gold interconnect, and (b) enlarged view of gold
interconnect on AF layer.

@

Figure 4.4 Optical images and schematic of measurement setup. (a) Optical images of measurement
setup. (b) Schematic of measurement setup.

interconnect. An AC voltage (28 or 32 Vs in amplitude and 100 kHz in frequency) was applied to the

self-healing gold interconnect and the resistor; therefore, 2.3 or 2.6 mVms was applied to the self-healing
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Figure 4.5 Time variation of impedance of self-healing gold interconnect, Ziner, and elongation of self-
healing gold interconnect during (a) first cycle, (b) second cycle, (¢) third cycle, (d) fourth cycle, and (e)
fifth cycle.

gold interconnect when the interconnect was not broken, and 19 or 22 Vs was applied to the self-healing

gold interconnect when the interconnect was broken. To measure changes in the impedance of the self-
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broken gold interconnnect

100 jm

Figure 4.6 Optical images of broken and healed point of wave-shape gold interconnect covered with
gold nanoparticle dispersion. (a) Optical image of healed point. (b) Enlarged view of healed point.

healing gold interconnect, Ziner, the values of the voltage applied to the gold interconnect, Viner, and current,
1, were measured with digital multimeters (2000, Keithley Instruments). Ziner was calculated as Vigger/I.
The stage controller and the digital multimeters were connected to a laptop PC with GPIB cables, and they
were controlled with measurement software to obtain the values of d, Viner, and / at regular intervals of
approximately 0.5 ms. The value of d was also controlled by the software, and the change rate of d was 40
um/s. The elongation of the wave-shaped interconnect was calculated by dividing d with the distance
between each contact pad. When the metal interconnect was broken and Ziner increased sharply, the
movement of the stage was stopped. After the measurement, the stage was moved to its initial position,

and the same measurement was repeated five times.

424 Results and Discussion

The series of graphs depicted in Figure 4.5 shows the time variation of Ziner and the elongation rate of a
self-healing gold interconnect when 32 Vs of voltage was applied to the interconnect and resistor. In the
first cycle as shown in Figure 4.5a, Ziner increased sharply from 0.58 Q to 13 kQ when the elongation rate
was 7.6%. This indicates that the self-healing gold interconnect was broken and lost its conductivity. On
the other hand, Ziner decreased sharply from 13 kQ to 1.1 kQ at 77 s. This was because a broken point of
the self-healing gold interconnect was electrically connected to gold nanoparticle chains formed by an
applied voltage, as shown in Figure 4.6. Hence, this verifies that a metal interconnect broken by stretching

deformation can be healed with its self-healing ability using the dielectrophoresis of metal nanoparticles.
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Figure 4.7 Change in breaking elongation, impedance after healing, and healing time in terms of number
of stretching cycles for sample A and sample B. Each value was normalized with the value of the first
cycle. (a) Normalized breaking elongation. (b) Normalized impedance after self-healing. (¢c) Normalized
healing time.

In Figure 4.6, some microbubbles are observed around the broken point of the self-healing gold
interconnect. This indicates that the medium around the nanoparticle chains evaporated by Joule heating,
which was caused by current. Regarding the second cycle as shown in Figure 4.5b, compared with Zinr at
the end of first cycle as shown in Figure 4.5a, Ziner decreased from 1.1 kQ to 0.12 kQ around the beginning
of the measurement. This indicates that the broken point of the self-healing gold interconnect was
physically contacted. The self-healing gold interconnect was broken and Ziner increased sharply again

when the elongation rate was 4.9%; this value was lower than that during breaking elongation of the first
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cycle. Approximately 88 s later, Ziner decreased sharply again from 13 kQ to 1.2 kQ. This indicates that
the self-healing gold interconnect was healed again. Following this, it was confirmed that the broken point
was healed in the same way as the first cycle. This indicates that the healed point of the self-healing gold
interconnect was mechanically weak; therefore, the breaking-and-healing process was repeated at the first
broken point. Regarding the fourth cycle, Ziner increased from 0.35 kQ to 1.7 kQ when the elongation rate
was 5.2%. Meanwhile, Ziner was 1.7 kQ after self-healing; hence, the gold interconnect was not broken in
the fourth cycle. This is because the nanoparticle chain formed in the broken point kept bridging and was
electrically connected.

Figure 4.7 shows changes in the breaking elongation, impedance after healing, and healing time
in terms of the number of stretching cycles. The voltage applied to the interconnect and resistor was 28
and 32 Vs for samples A and B, respectively. Each measured value was normalized with the value of the
first cycle. Regarding the breaking elongation, each value was lower than that of the first cycle in both
cases of samples A and B. This indicates that the healed part was mechanically weak; therefore, the healed
part was easily broken compared with the first cycle. Regarding the impedance after healing, each value
was higher than those in the first cycle in both cases of samples A and B. This could be because the length
of the nanoparticle chain increased as the number of stretching cycles increased. Regarding the healing
time, each value takes both higher and lower values than those in the first cycle randomly in both cases of
sample A and sample B. In the case of a lower value, it is considered that the broken nanoparticle chain
remained at the broken point and the other nanoparticles were attracted and trapped on the remaining
nanoparticle chain; therefore, the healing time decreased. On the other hand, in the case of a higher value,
the growing nanoparticle chain could have been broken by Joule heating. The broken nanoparticle chain

kept growing and finally bridged; therefore, it took more time.

4.3 Demonstration of Flexible Device using Self-Healing Metal
Interconnect

To demonstrate the applicability of a self-healing metal interconnect using dielectrophoresis of metal
nanoparticles to flexible devices, a flexible device using a self-healing metal interconnect was developed.
In this research, the flexible device was composed of self-healing metal interconnects and surface-mounted
LED chips. As for the self-healing metal interconnects, gold, AF, and gold nanoparticle dispersion were

used as metal, elastomer, and metal nanoparticle dispersion similar to those used in the healing property
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Figure 4.8 Dimensions of flexible device, which is composed of self-healing gold interconnects and
surface-mounted LED chips. (a) Top view and (b) Cross-sectional view of flexible device.

evaluation.

4.3.1 Design

Figure 4.8 illustrates the dimensions of the flexible device, which is composed of self-healing gold
interconnects and surface-mounted LED chips. As with the healing property evaluation, wave-shaped gold
interconnects were covered with gold nanoparticles in the device. The gold nanoparticle dispersion was
encapsulated with the substrate, frame, and top layers of AF. As for the self-healing gold interconnect, the
design parameters were the same as that used in the healing property evaluation (width and radius of 0.1
mm and thickness of 0.01 mm). Contact pads were also fabricated at both ends of the gold interconnect to

obtain electrical contact to the surface-mounted LED chips and the measurement system. The distance
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Figure 4.9 Schematic of fabrication process of flexible device, which is composed of self-healing gold
interconnects and surface-mounted LED chips. (a) Laminating rolled gold foil onto adhesive sheet. (b)
Pattering gold foil to wave shape and contact pads by laser cutting. (c¢) Peeling off unnecessary gold foil.
(d) Transferring patterned gold onto acrylic form adhesive tape as substrate layer. (e) Soldering surface-
mounted LED chips with solder paste. (¢) Laminating frame layer. (f) Dropping gold nanoparticle aqueous
into flame layer. (g) Laminating top layer.

between the contact pads was 9.7 mm and the width of the contact pads was 2.5 mm. Two LED chips were
mounted with opposite polarities; hence, the LED chips emitted light even when AC voltage was applied.
The thickness of each layer of AF was also the same as that of the self-healing gold interconnect used in
the healing property evaluation (0.6 mm of the substrate layer, 1.0 mm of the frame layer, and 0.5 mm of
the top layer). In this design, the elongation stiffness ratio of the gold interconnect and the substrate layer
of AF was 1.9; therefore, the crack configuration was of a single crack growth type. A single large crack
was formed in one of the gold interconnects by stretching deformation. As for the gold nanoparticle
dispersions, the diameter and mass ratio of the gold were also the same as those of the gold interconnect
used in the healing property evaluation (50 nm in diameter and 6-7 x 10 wt%). Regarding the voltage
and current applied to the device, to consume electric power for both light emission and self-healing

without switching electric power sources, a resistor of 4.6 kQ was connected to the device, and voltage
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Figure 4.10 Optical images of fabricated flexible device, which is composed of self-healing gold
interconnects and surface-mounted LED chips. (a) Optical image of flexible device. (b) Enlarged view of
LED chips soldered on contact pads. (¢) Enlarged view of wave-shaped gold interconnect on AF substrate.

(28 Vims and 100 kHz) was applied to the device and the resistor. In this circuit, 2.7 Vims and 4 mAms were
applied to the device when interconnects in the device were not broken, and 25 Vims and 2 mAms were
applied to the device when one of the interconnects was broken because of the increase in impedance in
the interconnect; hence, the interconnect in the device can be healed without switching electric power

sources. On the other hand, the electric power is also consumed by the resistor.

432 Fabrication

The designed devices were fabricated as illustrated in Figure 4.9. The fabrication process was essentially
the same as that of the self-healing gold interconnect used in the healing property evaluation. First, 10-
um-thick rolled gold foil (AU-173175, Nilaco) was laminated to an adhesive sheet (Figure 4.9a), and the
gold foil was patterned to wave-shaped interconnects and contact pads by laser cutting (Figure 4.9b).
Second, the unnecessary gold foil was peeled off by tweezers, as shown in Figure 4.9¢, and the patterned

gold foil was transferred to a 0.6-mm-thick acrylic form adhesive tape (Y-4930, 3M) as a substrate layer

Electrical and Mechanical Design Principle of Self-Healing Metal Interconnect and
Its Application for Flexible Device



64

Chapter 4  Flexible Device using Self-Healing Metal Interconnect

(b) flexivle electronic device

Figure 4.11 Optical images and schematic of measurement setup. (a) Optical image of measurement
setup. (b) Schematic of measurement setup.

(Figure 4.9d). Then, surface-mounted LED chips (SMLE12BC7TT86, Rohm) were soldered by applying
solder paste on the contact pads (Figure 4.9¢). In addition, electrical wirings for electrical contact to a
measurement system were laminated on the contact pads. A 1.0-mm-thick acrylic form tape (Y-4910J, 3M)
patterned to a flame layer shape was laminated as shown in Figure 4.9f. Then, gold nanoparticles in a
citrate-buffered aqueous medium (Au colloid solution-SC 50 nm, Tanaka Kikinzoku Kogyo) were dropped
into the flame layer (Figure 4.9g). Finally, a 0.5-mm-thick acrylic form tape (Y-4905J, 3M) was laminated
on the flame layer as a cover layer, as shown in Figure 4.9h. Figure 4.10 illustrates optical images of the
fabricated flexible device, which was composed of wave-shaped gold interconnects with a self-healing
ability and surface-mounted LED chips. In the device, only the wave-shaped gold interconnect was

covered with the gold nanoparticle dispersion as designed.
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Figure 4.12 (a) Time variation of impedance of device, Zjevice and elongation of stretchable device with
self-healing ability. (b), (c), (d) Optical images of device at 0 s (beginning of measurement), 22 s (breaking
of gold interconnect), and 151 s (healing of broken point of interconnect), respectively.

4.3.3 Measurement Setup

Figure 4.11 shows the measurement setup used to demonstrate the effectiveness of a flexible device with
a self-healing gold interconnect. The measurement setup was essentially the same as that used in the
healing property evaluation. A fabricated device was mounted on electrical movable stages (SGSP20-85,
Sigma Koki), and stretching deformation was gradually induced in the device with applied voltage. The

stages were connected to a stage controller (SOHT-204MS, Sigma Koki) to adjust and obtain the value of
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the displacement, d, of the stage. A resistor (4.6 kQ in resistance) was connected to the device in series to
control the flow of current after nanoparticles bridged the broken part. An AC voltage of 28 Vs and 100
kHz was applied to the device and the resistor. The voltage applied to the flexible device, Vievice, and the
current, /, were measured with digital multimeters (2000, Keithley Instruments). The stage controller and
the digital multimeters were connected to a laptop PC with GPIB cables, and a measurement software was
used to obtain the values of d, Vievice, and [ at regular intervals of approximately 0.5 ms. The value of d
was also controlled by the software, and the change rate of d was 100 pm/s. The elongation of the device
was calculated by dividing d with the initial distance between the stages. The impedance of the device,
Zievice, Was calculated by Vievice/ 1. When one of the gold interconnects in the device was broken and Zgevice

increased sharply, the stage stopped moving.

434 Results and Discussion

Figure 4.12 shows the time variation of Zgevice and the elongation rate of a flexible device. At the beginning
of the measurement, the LED chips were emitting light, as shown in Figure 4.5a, and Zgevice Was almost
stable at 0.76 kQ. When the elongation rate increased to 6.5%, Zgevice increased sharply from 0.76 kQ to
12 kQ, and the LED chips were turned off. This indicates that one of the self-healing gold interconnects
in the device was broken. At 151 s, Zgevice decreased sharply from 13 kQ to 1.8 kQ, and the LED chips
started emitting light again. This indicates that the broken gold interconnect was electrically healed with
gold nanoparticle chains formed at the broken point. Hence, this demonstrates the applicability of the self-

healing metal interconnects using the dielectrophoresis of metal nanoparticles to flexible devices.

4.4 Summary

To demonstrate the applicability of self-healing metal interconnects using the dielectrophoresis of metal
nanoparticles to flexible devices, a flexible device composed of self-healing metal interconnects and
surface-mounted LED chips was developed. First, to verify the self-healing of a metal interconnect broken
by stretching deformation and to evaluate the healing property under cyclic stretching deformation, a self-
healing metal interconnect was fabricated, and the changes in the impedance of the interconnect under
stretching deformation were measured. In this study, gold, AF, and gold nanoparticle dispersion were used
as the metal interconnect, elastomer, and metal nanoparticle dispersion, respectively. As for the design of

the self-healing gold interconnect, the elongation stiffness ratio of the gold interconnect and the substrate
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layer of AF was 1.9; hence, the crack configuration was of the single-crack growth type. Regarding the
applied voltage and current, a voltage of 19 to 22 Vs was applied to the interconnect when it was broken,
and the current just when nanoparticles bridged the crack was 3 to 4 mAms in order to stably form a
nanoparticle chain in the crack. A fabricated self-healing gold interconnect was mounted on electrical
movable stages, and cyclic stretching deformation was applied to the interconnect while measuring the
impedance of the interconnect, Zinwr. As a result, in the first cycle of stretching deformation, Ziner increased
sharply from 0.58 Q to 13 kQ by breaking when the elongation rate was 7.6%. Fifty-seven seconds from
the time of breaking, Ziner decreased sharply from 13 kQ to 1.1 kQ by a self-healing. This verifies that a
gold interconnect broken by stretching deformation can be healed with its self-healing ability using the
dielectrophoresis of gold nanoparticles. Regarding the evaluation of the healing property under cyclic
stretching deformation, the results obtained by the evaluation were as follows. The breaking elongation in
the second to fifth cycles was lower than the breaking elongation in the first cycle, and the impedance after
healing in the second to fifth cycles was higher than the impedance in the first cycle. As for the healing
time, each value in the second to fifth cycle was randomly higher or lower than values in the first cycle.
Second, to demonstrate the applicability of the self-healing metal interconnect to flexible devices, a
flexible device composed of self-healing gold interconnects and surface-mounted LED chips was
developed. As for the design of the device, the elongation stiffness ratio of the gold interconnect and the
substrate layer of AF was 1.9 to form a single crack in one of the interconnects of the device. Regarding
voltage and current, to consume electric power for both light emission and self-healing without switching
electric power sources, a designed electric circuit was connected to the device. This circuit applied 2.7
Vims and 4 mAms (When interconnects in the device were not broken) or 25 Viys and 2 mAms (when one
of the interconnects was broken) to the device. A fabricated device was mounted on movable stages, and
stretching deformation was gradually induced in the device with applied voltage. As a result, the LEDs
emitted light until the elongation rate increased to 6.5%. Then, the LEDs were turned off owing to the
breaking of the interconnect. After 130 s from the time of breaking, the LEDs emitted light again by self-
healing of the broken interconnect. This demonstrates the applicability of the self-healing metal

interconnect using the dielectrophoresis of metal nanoparticles to flexible devices.
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5.1 Overall Summary

The electrical and mechanical design principles of the self-healing metal interconnect using the
dielectrophoresis of metal nanoparticles were identified, and flexible devices using the self-healing metal
interconnect were developed based on the design principles. In this research, a complementary approach
was considered: (i) Understanding the conditions required to form a nanoparticle chain so as to form a
nanoparticle chain in a larger crack (which is to understand the electrical design principle, Chapter 2).
(i1) Understanding the factor determining the crack configurations of a metal interconnect to control the
number of cracks and crack width . Then, by combining the formation of a nanoparticle chain in the larger
crack and controlling the crack configurations to a single larger crack, the self-healing metal interconnect
was applied to flexible devices (Chapter 4).

In Chapter 2, in order to understand the electrical design principle of the self-healing metal
interconnect, conditions for nanoparticle chain formation in a large crack of broken metal interconnect that
is several tens of micrometers wide was studied; both theoretical analysis and experiments were conducted.

In this research, it was considered that the formation process of the nanoparticle chain consists of trapping
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and bridging processes, and each process was theoretically analyzed. Regarding the trapping process, the
forces acting on a nanoparticle were analyzed; it was considered that the nanoparticles get trapped and
adhere on the large crack when a certain voltage or more is applied to the broken interconnect. With regard
to the bridging process, the physical phenomenon during the process was analyzed, and it was observed
that Joule heating that occurs in the nanoparticle chain owing to the current breaks the nanoparticle chain
when the nanoparticle chain bridges the large crack. Hence, it was assumed that a nanoparticle chain can
be formed in a crack several tens of micrometers wide only when a voltage higher than a certain value and
with current lower than a certain value is applied. In the experiment section, observations and
measurements were conducted to verify the result obtained in the theoretical analysis section. First, certain
voltages with changing current were applied to a 10-um-wide crack to confirm that a nanoparticle chain
is formed in a large crack when a high voltage with low current is applied. As a result, in the case of the
150-nm-diameter gold nanoparticles in a citrate-buffered aqueous medium, a nanoparticle chain formation
was observed in a crack only when 6.1 Vs or more with 15 mAms or less was applied. The process of
nanoparticle chain formation was directly observed with high-magnification and high-speed microscopy
for the clarification of the behavior of nanoparticle chain formation. As a result, when a low voltage was
applied, the nanoparticles were not trapped in the crack. On the other hand, when a high voltage with high
current was applied, the repeated growth and breakage of a nanoparticle chain in the crack was observed.
When a high voltage with low current was applied, the rapid growth of a nanoparticle chain to bridge the
crack was observed in approximately 4 ms. Next, the maximum allowable current, /max, and the resistance
of nanoparticle chain, Rchain, Was measured with increasing current applied to the nanoparticle chain. The
value of Imax decreased as the crack width increased, and in the case of an citrate-buffered aqueous
dispersion of 150-nm-diameter gold nanoparticles ,it was approximately 11 mA for crack width in the
range of 15 pm to 30 um. Regarding Rcnain, the value increased almost linearly as the crack width increased,
and the value at 1 mA and Inmax ranged from 23 to 94 Q and 10 to 65 Q, respectively, when the crack width
ranged from 5 to 30 um. Finally, forming time, #rm, was measured with the deferent voltage applied to
the interconnect. As a result, the values of #form for 10 Vims and 12 Vs ranged from 15 to 47 s and 7 to 21
s when the crack width ranged from 5 to 20 pm. Hence, in this chapter, it was concluded that a nanoparticle
chain can be formed in a large crack, such as one that is several tens of micrometers wide, when a high
voltage with low current is applied.

. In Chapter 3, in order to understand mechanical design principle of self-healing metal

interconnect, factors determining crack configurations of a stretched metal interconnect were studied by
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both theoretical analysis and experiments. In the theoretical analysis section, theoretical calculations were
conducted. The calculation results indicated that crack configurations are determined by the elongation
stiffness ratio of a metal interconnect and an elastomer, and they are classified into multiple-crack growth
and single-crack growth type. It was established that a multiple-crack growth type is often observed when
the elongation stiffness ratio is lower than approximately 0.1, while a single-crack growth type is often
observed when the elongation stiffness ratio is higher than approximately unity, with reference to previous
studies. In the experiment section, first, to verify the results of theoretical calculation, straight-shaped
interconnects with finer = 0.04—1.17 um (0.03-0.78 is the elongation stiffness ratio) were fabricated, and
then cracks caused by stretching deformation were observed. As a result, the multiple-crack growth type
was observed, when finer = 0.04 pm, and the crack configuration gradually changed to a single crack, as
tinier iIncreased. Hence, this corresponds to the result of the theoretical analysis. Second, wave-shaped metal
interconnects with single-crack growth type were fabricated, and the breaking elongation and the width of
the cased crack were measured. In this research, the thickness of metal interconnect and thickness of
elastomer were especially focused on; hence, the wave-shaped metal interconnect with different
thicknesses of the metal interconnect and the elastomer were used for the measurement. As a result, the
breaking elongation was several tens of percentages, and the crack width was several tens of micrometers.
For the sample that used the copper interconnect with different thicknesses, the breaking elongation
increased significantly as the thickness of the copper interconnect increased. For the sample with a
different thickness of the elastomer, the breaking elongation decreased as the thickness of the elastomer
increased. In addition, the crack width almost linearly increased as the breaking elongation increased.
Therefore, in this chapter, it is concluded that the crack configuration can be controlled to the single-crack
growth type by designing the elongation stiffness ratio of the metal interconnect. Furthermore, the crack
width decreases as the breaking elongation increased.

In Chapter 4, based on the result of Chapters 2 and 3, the flexible device using self-healing metal
interconnect was developed. To verify the self-healing of a metal interconnect broken by stretching
deformation and to evaluate the healing property under cyclic stretching deformation, a self-healing metal
interconnect was fabricated, and impedance changes of the interconnect under stretching deformation were
measured. Regarding the mechanical design of the self-healing gold interconnect, to control the crack
configuration to the single crack growth type, the elongation stiffness ratio of the gold interconnect and
the substrate layer of acrylic foam (AF) was 1.9, based on Chapter 3. Regarding the applied voltage and

current (electrical design), to stably form a nanoparticle chain in the crack, a voltage ranging from 19 to
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22 Vs was applied to the interconnect when it was broken , and the current flowing just when
nanoparticles bridged the crack was 3 to 4 mAms, based on Chapter 2. A fabricated self-healing gold
interconnect was mounted on electrical movable stages, and cyclic stretching deformation was applied to
the interconnect while measuring the impedance of the interconnect, Ziner. As a result, after 57 s from the
breaking of the stretched interconnect, Ziyer sharply decreased from 13 kQ to 1.1 kQ. This verifies that a
broken gold interconnect by stretching deformation was healed with the self-healing ability. For evaluating
the healing property under cyclic stretching deformation, the results obtained by the evaluation were as
follows: The breaking elongation in the second to fifth cycles was lower than the breaking elongation in
the first cycle, and the impedance after healing in the second to fifth cycles was higher than the impedance
in the first cycle. As for the healing time, each value in the second to fifth cycle had randomly higher and
lower values than the first cycle. Second, to demonstrate the applicability of the self-healing metal
interconnect to flexible devices, a flexible device composed of self-healing gold interconnects and surface-
mounted light emitting diode (LED) chips was developed. For the electrical and mechanical design of the
self-healing metal interconnect, the voltage and the current applied to the interconnect were almost same
as that used for the evaluation of the self-healing property (1.9 of the elongation stiffness ratio, and 2.7
Vims With 4 mAms (When interconnects in the device were not broken) or 25 Vims with 2 mAms (When one
of the interconnects was broken)). Further, the device was designed to consume electric power for both
light emitting and self-healing without switching an electric power source. A fabricated device was
mounted on movable stages, and stretching deformation was gradually applied to the device with applied
voltage. As a result, the LEDs emitted light until the elongation rate increased to 6.5%. Then, the LEDs
turned off by breaking of the interconnect. After 130 s from the breaking, the LEDs emitted light again by
self-healing of the broken interconnect. Hence, the applicability of the self-healing metal interconnect

using the dielectrophoresis of metal nanoparticles to flexible devices was demonstrated.

5.2 Future Prospect

In this research, the main target for the application of the self-healing metal interconnect using
dielectrophoresis of metal nanoparticle is flexible devices. However, it is considered that the self-healing
ability is useful for not only flexible device but also for electrical wirings, which are difficult to repair; for
example, electric circuits in satellites and submarines, and electrical cables embedded in the ground. In

this case, the long-term stability of the sealing for metal nanoparticles dispersion is one of the important
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factors. Currently, elastomers and an aqueous solution are used for the sealing structure and metal
nanoparticle dispersion in the device, respectively. In general, the elastomers have high water vapor
permeability and the aqueous solution is easy to evaporate; hence, it is remains difficult to seal the metal
nanoparticles in the device in a stable manner. The potential solutions to the above-mentioned problem are
as follows; coating the surface of the elastomer with a thin film, which have low vapor permeability, such
as parylene, and using non-volatile materials, such as silicone oils and ionic liquid, for the medium of the
metal nanoparticle dispersion. These solutions enable the application of the self-healing ability using the

dielectrophoresis of metal nanoparticles, to various devices.
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Cracked Gold Interconnect on Glass Substrate (Chapter 2)

cross sectional view process condition

electron-beam evaporation
system (EBX-6D)

chromium layer | rate 1 0.1 nm/sec (0.003 pm)
rate 2 0.1 nm/sec (0.007 pm)

chromium and gold rate 3 0.1 nm/sec (0.01 um)
I. ! ! deposition of chromium
| layer and gold layer
glass electron-beam evaporation
system (EBX-6D)
gold layer rate 1 0.1 nm/sec (0.01 um)

rate 2 0.3 nm/sec (0.49 um)
rate 3 0.1 nm/sec (0.5 pm)

photoresist (OFPR800 20cp)
spin coating 500 rpm 5 sec
3000 rpm 30 sec

photoresist
patterning photoresist hot plate (RSH-1DN)
| | bake 5 .
100°C 1 min
mask aligner (MJB 3)
exposure

9mJ/em®> 13 sec
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development

developer (TMAH 2.83%)
soak 1 min

deionized water
Istrinse 1 min
2nd rinse 1 min

spindry 1 min

— —— patterning chromium
layer and gold layer

gold etching

etchant (AURUM-302)
soak 5 min

deionized water
Istrinse 1 min
2nd rinse 1 min

spindry 1 min

chromium
etching

etchant (mixed acid chromium
etchant)
soak 10 sec

deionized water
Istrinse 1 min
2nd rinse 1 min

spindry 1 min

crack ) )
S Sy removing photoresist

exposure

mask aligner (MJB 3)
9 mJ/cm?> 1 min

development

developer (TMAH 2.83%)
soak 1 min

Deionized water
Istrinse 1 min
2nd rinse 1 min

spindry 1 min
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Straight-Shaped Copper Interconnect Embedded in PU (Chapter 3)

cross sectional view process condition
copper thermal evaporation system (SVC-
: | . deposition of copper 700TMSG/7PS80)
l ’| ' layer rate 0.2 nm/sec (0.04 um, 0.10 pum, 0.18 um,
PTFE 0.53 um, and 1.17 pm)
cutter
——
= ; = transferring copper
PlU layer to PU tape PU tape (Tegaderm 9534HP)
|-' '-I laminating PU tape PU tape (Tegaderm 9534HP)

Wave-Shaped Copper Interconnect Embedded in PU (Chapter 3)

cross sectional view process condition

hot plate (DP-1S)
100°C 3 min
rolled copper foil (CU-113091

laminating copper foil (2 pm), CU-113121 (4 pm),
i on PU sheget PP pre-heating CU-113141 (6 um), CU-

113151 (8 um), CU-113173
copper PTFE PU (10 pm))

PU sheet (Platilon 4201 (0.05
mm))

heat press machine
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heat press machine (IMC-
180C)

170°C 0.4 MPa

3 min

pressing

photoresist (OFPR800 20cp)
spin coating 500 rpm 5 sec

photoresist 3000 rpm 30 sec

carrier wafer
hot plate (RSH-1DN)

bake 100°C 1 min

mask aligner (MJB 3)

i i exposure
patterning photoresist p 9ml/em? 13 sec

developer (TMAH 2.83%)

——— soak 1 min

deionized water
Istrinse 1 min
2nd rinse 1 min

development

spindry 1 min

etchant (H-1000A)
soak 10 sec

. deionized water
BE=————— | patterning copper layer

Istrinse 1 min
2nd rinse 1 min

spindry 1 min

removing photoresist . mask aligner (MJB 3)
——————— ] emoving photoresis exposure 9ml/em? 13 sec
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developer (TMAH 2.83%)
soak 1 min

Deionized water
Istrinse 1 min
2nd rinse 1 min

development

spindry 1 min

= — laminating PU tape PU tape (Tegaderm 9534HP)

Self-Healing Gold Interconnect (Chapter 4)

cross sectional view process condition

gold .
laminating gold foil on | gold foil (AU-173174 (10 pm))

adhesive sheet i
L — adhesive sheet (CR09308)

laser-cutting machine (OLMUV-355-5A-K)
speed 50 mm/sec

laser] k
. . power 20%
\| laser cutting gold foil frequency 30 kHz

the number of cutting 1
duty cycle 65%

removing unnecessary
area of gold foil

et
g transferring gold layer

to substrate layer of AF

| AF adhesive tape (Y-4930 (0.6 mm))
acrylic foam

acrylic foam laminating flame layer

|_’4 B of AF

AF adhesive tape (Y-4910J (1 mm))
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gold nanoparticle
dispersion

dropping gold
nanoparticle dispersion

gold nanoparticles in citrate-buffered aqueous
dispersion (Au colloid solution-SC 50 nm)

laminating top layer of
AF

AF adhesive tape (Y-4905J (0.5 mm))

Flexible device with Self-Healing Ability (Chapter 4)

cross sectional view

process

condition

gold

adhesive sheet

laminating gold foil on
adhesive sheet

gold foil (AU-173174 (10 um))
adhesive sheet (CR09308)

laser; ’

laser cutting gold foil

laser-cutting machine (OLMUV-355-5A-K)
speed 50 mm/sec

power 20%

frequency 30 kHz

the number of cutting 1

duty cycle 65%

removing unnecessary
area of gold foil

i

acrylic foam

transferring gold layer
to substrate layer of AF

AF adhesive tape (Y-4930 (0.6 mm))

LED

A

soldering surface-
mounted LED chips

surface mount LED chip (SMLE12BC7TT86)

solder paste (SMX-HO05)
250°C with soldering iron

acrylic foam

E —

laminating flame layer
of AF

AF adhesive tape (Y-4910J (1 mm))
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gold nanoparticle
dispersion

8 —_ e —

dropping gold
nanoparticle dispersion

gold nanoparticles in citrate-buffered aqueous
dispersion (Au colloid solution-SC 50 nm)

—=—]

laminating top layer of
AF

AF adhesive tape (Y-4905J (0.5 mm))
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Chemical Products

product number manufacture

photoresist OFPR800-20cp Tokyo Ohka Kogyo
developer TMAH 2.83% Tama Chemicals
gold etchant iglligﬁjgi Kanto Chemical
chromium etchant mixed acid chromium etchant Kanto Chemical

copper etchant H-1000A Sunhayato
Au colloid solution-SC 50 nm
gold nanoparticle dispersion Au colloid solution-SC 150 Tanaka Kikinzoku Kogyo
nm
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Metal Materials

product number manufacture

CU-113091 (2 um)
CU-113121 (4 um)
rolled copper foil CU-113141 (6 pm) Nilaco
CU-113151 (8 um)
CU-113173 (10 um)

rolled gold foil AU-173174 (10 pm) Nilaco
Elastomers
product number manufacture
Platilon 4201 (0.1 mm)
PU film Platilon 4201 (0.05 mm) Covestro AG
PU adhesive tape Tegaderm 9534HP M
Y-4930 (0.6 mm)
AF adhesive tape Y-49057 (0.5 mm) 3M
Y-4910J (1 mm)
silpot 184 .
PDMS sylgard 184 Dow Chemical
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Other materials

product number

manufacture

glass substrate

CS00438 (20 mm % 20 mm)
CS00434 (40 mm x 50 mm)

Matsunami Glass Industry

surface mount LED chip SMLE12BC7TT86 Rohm
adhesive sheet CR09308 Graphtech
solder paste SMX-HO05 Sunhayato
Micro Machining Machines
product number manufacture
electron-beam evaporation EBX-6D Ulvac
system
spin coater 1H-D7 Mikasa
hot plate DP-1S Iuchi
RSH-1DN As One
mask aligner MIJB 3 Karl Suss
thermal evaporation system SVC-700TMSG/7PS80 Sanyu Electron

plasma cleaner

PDC-32G

Harrick Plasma

laser-cutting machine

OLMUV-355-5A-K

OPI
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mixing and degassing machine ARE-310 Thinky

heat press machine IMC-180C Imoto Machinery

Measuring Instruments

product number manufacture
digital multi meters 2000 Keitley Instruments
oscilloscope DSO-X 2024A Agilent
source meter 2614B Keitley Instruments
waveform generator 33500B Agilent
amplifier HAS 4101 NF
FE-SEM S-4800 Hitachi High-Technologies
microscope VHX-2000 Keyence
high-speed microscope VW-9000 Keyence
data logger GL7000 Graphtec
high speed voltage unit for GL7-HSV Graphtec
data logger
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Other Equipment
product number manufacture
manual movable stage TSD-602S Sigma-Koki
electric movable stage SGSP20-85 Sigma-Koki
stage controller SOHT-204MS Sigma-Koki
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Appendix C  Embodiment Informatics

The Graduate program for Embodiment Informatics, Waseda University, provided the author with
considerable support for this research. Graduate program for Embodiment Informatics is a part of the
Ministry of Education, Culture, Sports, Science and Technology’s work to make significance reforms to
the graduate school education in Japan. This section describes the author’s understanding about the
Embodiment Informatics and how this research contributes the Embodiment Informatics, in order to
express the author’s application to the graduate program for Embodiment Informatics.

Figure C.1 illustrates the research field of the Embodiment Informatics. The Embodiment
Informatics considers the interaction between the real world (not only humans but also all of living things
in the world) and information technology for the benefit of the real world. The interaction described here
was to obtain data from the object in the real world and to take action on these objects based on the
processed data. The author considers the interaction where the objects did not feel the existence of the
technology to be the best interaction. That is, the technology perfectly integrated to the life of living things

in the real world as the “imperceptible technology.” In particular, with regards to obtaining data, physical

Research Field of
Embodiment Informatics

Real World | Interaction I
obtain data artificial intelligence
humans
plants :
\/ edge computing
animals take action cloud computing

Figure C.1 Schematic illustration of the research field of Embodiment Informatics
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contact between the object and sensing devices is useful to get rich data associated with the object, such
as bio-information sensing using smart watch; however, data-sensing using such sensing devices without
feeling of existence of the device is still difficult. The author considers that flexible devices are suitable
for data-sensing as “imperceptible devices.” Hence, the author believes that this research will contribute

to the Embodiment Informatics.
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