Chapter 14
Advanced Bonding Technology Based
on Nano- and Micro-metal Pastes

Katsuaki Suganuma and Jinting Jiu

Abstract With the development of silicon carbide (SiC) high-power semiconduc-
tor devices, which have the advantages of lower power losses, higher efficiencies,
higher thermal conductivities, and higher operational temperatures compared to
traditional silicon-based power devices, the demand for high-temperature bonding
materials is becoming extremely urgent. The transition liquid phase (TLP) method
has been used to form intermetallic compounds (IMCs) to bond SiC devices, and
the IMCs formed by the TLP method have been studied as replacements for
traditional low-temperature solder materials. However, the long process times and
the high process temperatures required by the TLP method significantly damage
power integrated circuits (ICs), and unstable IMCs cause reliability problems in the
service process. Recently, metal particle pastes have been developed for high-
power devices application, and these pastes have proven to be a feasible means of
achieving high performance.

A review of recent advances in the development of metal pastes for bonding
technology is provided in this chapter. The basic bonding technology, fundamental
concepts of metal pastes, and the fabrication processes of pastes are introduced. The
effect of nano- and micro-Ag pastes on the performance and reliability of the
obtained joints is addressed in detail. The development of copper (Cu) pastes and
its various anti-oxidation strategies are also summarized. Some precautions and
propositions improving the strength and reliability of joints are also presented.
Finally, at the end of the chapter, the direct-bonding method based on metal films is
also discussed. These contents can be mainly interesting for researchers working on
high-power semiconductor devices.
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14.1 Introduction

Since the first commercialization of SiC Schottky diodes in 2001 [1], wide-bandgap
(WBG) high-power semiconductor devices based on silicon carbide (SiC) and
gallium nitride (GaN) have attracted much attention because of their lower power
losses, higher efficiencies, higher thermal conductivities, much higher operational
temperatures, higher current densities, and higher blocking voltages compared to
silicon-based power devices [2-8]. Some commercially available power devices,
such as junction field-effect transistors (JFETSs), metal-oxide—semiconductor field-
effect transistors (MOSFETSs), and bipolar junction transistors (BJTs), are now
beginning to enter the power electronics marketplace and are being applied in
high-end devices, such as server and telecom power supplies, solar power conver-
sion, hybrid vehicles, and space and military monitoring systems. The global
market for WBG high-power semiconductor devices is expected to be over $3
billion in 2020.

Even though several SiC-based power devices have been successfully commer-
cialized, the SiC device market is still in an early stage. There are still many issues
that must be resolved. These include how to reduce the prices of SiC devices (which
are still higher than Si devices); how to design the gate drive circuit, taking into
account the unique operating characteristics of SiC in MOSFETs; and how to join
the SiC dies to the chip carrier or lead frame while operating within acceptable
joining temperature ranges. First among these issues, and necessary to fulfill the
potential of WBG devices, interconnection technology and reliable packaging must
be developed to meet the demands of high-temperature operating environments.
The device based on SiC chips can be operated well over 400 °C (this is far higher
than the maximum allowable junction temperature of standard silicon technology of
about 150 °C), which largely decreases the cost of the cooling system, since lower
cost cooling materials and methods can be used. Die-attachment materials, which
physically connect the SiC chips to the rest of the system, and also provide
electrical and thermal pathways for semiconductor devices, must have high elec-
trical conductivity and must be able to operate at the high temperatures.

Traditional die-attachment materials include Sn-based solders, Pb-free solders,
and conductive adhesives, and these are used widely in silicon technologies because
of their desirable joining process and temperatures. However, higher-temperature
applications such as hybrid electric vehicles, aircraft, and space exploration craft
cannot exploit these traditional low-temperature packaging materials because they
melt at around 210-250 °C [9-11]. Thus, new high-temperature, die-attachment
materials must be developed in order to join SiC and/or GaN chips to various high-
power, electromechanical devices.

In order to improve the service and/or operating temperatures of the
die-attachment materials, a higher-melting point solder is needed. High-Pb solders
are widely used as die-attachment materials due to their optimal melting tempera-
ture range (300-314 °C), low cost, excellent wettability, and workability
[12, 13]. However, these materials need to be completely eliminated from
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electronic applications in the near future under the restriction of hazardous sub-
stances (RoHS) directive, which was enacted to reduce lead pollution and to protect
both human health and the environment. Other binary and ternary alloys, such as
Au-Sn eutectic alloys [14—17], Bi-Ag alloys [18, 19], and Zn-based alloys [20-25],
have been proposed as possible alternatives. Au—Sn eutectic alloys have an appro-
priate melting temperature of 280 °C and have excellent conductivity; however,
they produce brittle intermetallic compounds (IMCs), leading to poor high-
temperature reliability [17]. Besides, gold is very expensive for industrial applica-
tions. Bi—Ag alloys are very brittle in nature and show poor electrical and thermal
conductivities [18, 19]. Zn—Al alloys, which have the most suitable melting range,
are also brittle in nature [20, 21] and show poor thermal cycle reliability
[22]. Although Zn—Sn alloys show great potential due to their superb heat cycle
resistance in the range of about —40-125 °C and their high thermal conductivity,
the use of Zn—Sn alloys is limited to power devices operating above 200 °C, since
Zn-Sn solders undergo a partial eutectic melting reaction at about 200 °C
[26]. Another serious drawback arises from the high melting points of these alloys.
The high melting points lead to high joining temperatures, which damage compo-
nents and cause excessive consumption of the substrates. Therefore, developing
new materials, which can be joined at low temperatures, but still operated at high
temperatures, has become an urgent issue for high-power devices.

There are two strategies that have been adopted to address this issue [27]. One is
TLP bonding technology, which combines the characteristics of liquid phase
joining (soldering and brazing) and diffusion bonding [28—33]. During this bonding
process, a metal interlayer with a low melting point is diffused into a component
with a high melting point in order to form IMC layers with the requisite properties
for high-performance joints. The process is achieved by the use of metals with a low
melting point, such as Bi-In—Sn alloys, as interlayer. An acceptable formulation
may achieve bonding at low temperature; however, it is usually necessary to apply
compressive stress in the beginning of the process, so as to minimize the joint gap
and, furthermore, to apply a long-time heat treatment, so as to grow a homogenous
joining layer. In addition, most of the IMCs are unstable and brittle; in some IMCs,
Kirkendall voids at the joint reduce reliability. These factors have severely hindered
the wide acceptance of TLP bonding as an alternative to high-temperature
soldering.

Another promising bonding technology is based on the sintering of metal
particle pastes, including those containing Ag or Cu or mixtures of these two metals
[34-38]. The high melting points, high tensile strengths, low elastic moduli, and
high electrical and thermal conductivities of the sintered metal particle pastes
provide numerous advantages over traditional solders and alloys. Thus, many
attempts have been made to use sintered metal particle pastes in the fabrication of
microelectronic packages. These metal pastes can be sintered to form a continuous,
bulk-like network at temperatures significantly below the melting point of bulk
metal, greatly reducing manufacturing costs and simplifying bonding conditions.
Furthermore, the absence of a solid—fluid phase transition in the sintering process
prevents the movement and misalignment of chips and allows the exact positioning
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of chips at the desired locations for optimum operational performance. This chapter
will focus on the development of the sintering technology of these metal particle
pastes, including silver and copper pastes. The synthetic methods of the metal
pastes, the effect of bonding processes on the performance, and the reliability of
joints will be addressed in detail. Some recent advances in direct joining methods
based on Ag or Cu films will be mentioned in the end of the chapter.

14.2 Silver Pastes

The history of the sintering of metal particle pastes dates back to studies in the late
1980s led by Schwarzbauer and his team [39, 40]. In order to secure electronic
components to a substrate, a paste, primarily composed of micron-sized Ag parti-
cles and a solvent, was printed on the substrate to make a thin layer and then dried
(silver was chosen because of its high stability and high electrical conductivity
compared to other metals). After components were placed on the top of the paste
layer, the entire arrangement was heated to a suitable temperature, with a mechan-
ical pressure, producing a dense and highly conductive sintered Ag joint. Other
teams optimized the process of sintering micron-sized Ag particles, for example,
changing the preheating stage and the heating rate, and adding silver compounds,
e.g., AgO. These optimizations achieved sintering temperatures in the range of
200-350 °C and sintering pressures from several to tens MPa [41-43]. Compared to
high-temperature solder, the micro-Ag joint was achieved at relatively low tem-
peratures; hence, the process is often referred to as the “low-temperature joining
technique.” Although this sintering method is especially useful in component-level
mounting of power semiconductors and is being used for industrial production [44],
a quasi-hydrostatic pressure of 30-50 MPa requires specialized tool to avoid
breaking the semiconductor dies during the die-bonding process. Moreover, the
temperature (generally above 250 °C) is high enough to introduce large strains and
plastic deformations to the dies, leading to structural damage, especially of fine and
small components. Coupled with the rapid development and many breakthroughs in
various high- and low-temperature, Pb-free solders and alloys [27, 45-49], the
low-temperature, Ag-based joining technique with high applied pressures no longer
receives the attention as it first did in the 10 years after its invention in 1989.

14.2.1 From Micro-Ag Paste to Nano-Ag Pastes

To avoid or reduce the need for high pressure during the joining process, it is
possible to use smaller-sized Ag particles. It has long been known that small
particles have a natural propensity to sinter or to Ostwald ripen, as a means of
reducing total free energy. This is called the Gibbs—Thomson effect. When the
particle size becomes small, the number of atoms included in the particle decreases
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but the ratio of surface area to volume increases. Thus, the melting points of
nanoparticulate materials decrease almost linearly with the inverse of the average
particle radius due to effects of the surface energy; consequently, these nanoparticle
pastes are more prone to sinter at relatively low temperature [50-52]. Although
numerous studies on the relationship between melting point and particle size have
been performed since the first detailed experiments, which used an evaporation
method to make thin metal films with thicknesses less than 100 nm, were published
by Takagi in 1954, most reports only focused on theoretical simulations and
calculations [52-55]. This is due to the difficulty of preparing nanoparticles with
precise morphologies at large scale.

Scientific development and personal growth are similar in that opportunity
drives success. Since entering the twenty-first century, nanomaterials such as
nanoparticles, nanofilms, nanoflowers, nanodots, nanowires, and nanotubes have
been the focus of intensive research because their unique electronic, optical,
magnetic, thermal, catalytic, and other properties are distinctly different from
their bulk counterparts. Much effort has been made to control their structure and
morphology in order to produce materials with desirable properties [56—65]. Many
methods have been developed to synthesize various metals, metal compounds,
alloys, and polymer nanoparticles with narrow distributions in diameter, with
special morphologies, and with high yields at large scale [66—69]. Once materials
are readily available, applications for the materials become a matter of course.

14.2.2 Performance of Joints Based on Nano-Ag Pastes

The performance of power electronics depends on the structure of Ag joint formed
during the sintering process of nano-Ag paste. The thermal and electrical conductiv-
ities, elastic moduli, ratcheting, and creep behaviors of the sintered nano-Ag pastes
have been studied at various temperatures and stresses [70-73]. The electrical
resistivity of the nano-Ag joint is lower than that of conventional solders, and values
between 2.5 and 10 pQ.cm have been reported (the electrical resistivity of bulk silver
is 1.6 pQ.cm [74-78]). Typical thermal conductivity values of sintered joints are far
higher than with conventional solders and range from 200 to 300 Wm™ 'K~ [79—
81]. The elastic modulus based on the sintered nano-Ag is about 6-9 GPa, which is
much lower than bulk silver and also lower than typical Pb—Sn or Pb-free solders
because of the porous structure [82—87]. However, it is neither practical nor the aim
of this research to produce a dense nano-Ag joint; rather, it is necessary to balance the
elastic modulus and other mechanical properties, such as strength and fatigue prop-
erties [84, 88]. Moreover, a low modulus can also relax thermal stress and enhance
durability of the electrical devices [83, 89-91]. In addition to these thermal, electrical,
and mechanical properties, joint strength is another important parameter to consider
when evaluating various options for sintered nano-Ag joints for high-temperature
applications. The die-shear strength of a sintered nano-Ag joint was reported to be in
the range of 2070 MPa, depending on the sintered nano-Ag density and grain size.
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These properties, in turn, were affected by various parameters during the bonding
process, including the bonding temperature, time, and pressure, the sintering dwell
time, the heating rate, the sintering atmosphere, and the properties of nano-Ag pastes,
such as organic content, and the size and shape of the nanomaterials. In the following
sections, we will discuss these sintering parameters and their effects on the joint
strength.

14.2.2.1 Sintering Pressure in Nano-Ag Pastes

Figure 14.1 shows a schematic of a nano-Ag paste used to bond two components
together. Nano-Ag pastes contain silver nanoparticles and organics. During the
bonding process, these organics evaporate or decompose, releasing gas; then, neck
growth occurs between adjacent particles, resulting in a porous sintered Ag structure.
The release of gas during the sintering process causes voids between components and
paste, and this is mitigated by applying suitable pressure. Similar to micro-Ag pastes,
pressure always improves the strength of the resulting joint; thus, it is not surprising
that increasing the bonding pressure for nano-Ag pastes results in bonds with higher
shear strength. For example, Ide et al. reported a shear strength of 25 and 40 MPa at
300 °C, for a nano-Ag paste with average particle diameter of about 11 nm, and
applied pressure of 1 and 5 MPa, respectively [92]. Morita et al. also achieved a rapid
increase in shear strength with a similar nano-Ag paste, from 10 to 30 MPa, with a
sintering temperature of 250 °C, when the applied pressure was changed from 0.5 to
5 MPa [93]. When the size of Ag particles was decreased to 5 nm, the shear strength
was only 2 MPa with applied pressure of 5 MPa and a sintering temperature of
250 °C; raising the sintering temperature to 400 °C only increased the shear strength
to 15 MPa. It indicates that the size effect is crucial except the sintering pressure and
temperature. Yan et al. achieved a strength of about 20 MPa at a sintering temperature
of 250 °C by using high concentration of nano-Ag paste with the particle diameters of
about 40 nm; this high strength was achieved without applying any pressure. The
strength was improved to about 50 MPa when 5 MPa pressure was applied
[94]. These results suggest that shear strength increases significantly when the
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Fig. 14.1 The schematic diagram of sintering process for nano-Ag paste under pressure
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bonding pressure is used even only 5 MPa. This increase can be attributed to the
following: (1) better contact between the paste and the bonded substrates, (2) the
rearrangement of the nano-Ag particles to form a higher packing structure, and (3) a
continuous densification process due to the decomposition and removal of organics
when sintering pressure is applied. However, further increases in bonding pressure to
10 MPa provided limited improvements in the strength. This seems to indicate that a
threshold bonding pressure of 5 MPa exists [95]. It should be noted that this threshold
pressure is also dependent on particle size; however, the direct correlation between
particle size and threshold pressure remains unclear. In summary, the joint strength
depends on the sintering pressure, which was effected by the size and morphology of
the Ag particles in the paste.

14.2.2.2 Sintering Temperature and Time in Nano-Ag Pastes

As mentioned above, the shear strength depends on the sintering temperature
[93]. This is because the sintering of the nano-Ag paste is determined by the
evaporation and decomposition of the organic matter in paste, which, in turn,
depends on temperature and time. After the release of organics, sintering can
proceed quickly, due to the huge driving force provided by surface energy of the
net particles and the applied external pressure. It has been shown that an increase of
the sintering temperature and dwell time generally leads to an improvement in the
shear strength along with an increase in density of the Ag structure within the joint
[76, 94, 96-99]. It is easy to understand this, given that the mechanisms of
evaporation and decomposition of organics in silver paste involve physical desorp-
tion processes and chemical reaction processes, and all of these processes increase
with temperature. High temperatures lead to rapid evaporation, desorption, and
chemical decomposition, and these processes contribute to the formation of a net
surface of particles which drives the sintering process to completion. The holding
time also affects joint strength [76, 96, 100]. The densification of particles, which
occurs via the rapid growth of grains and pores, requires time to reach completion,
as do the processes of evaporation and decomposition of organics. Above an
optimal sintering temperature, further densification may have no effect or may
even slightly degrade the sintered joint performance due to coarsening [76, 98,
99]. Similarly, the shrinkage of sintered Ag nanoparticles diminished after a period
of time, and extending the sintering time was not worthwhile once the densification
rate dropped below a certain point [76]. In fact, the influence of sintering time and
temperature should be considered simultaneously. At high sintering temperatures,
densifying mechanisms such as grain boundary and lattice diffusion operate to
densify the nano-Ag joint [101]. If the sintering temperature is too low, a long
sintering time will only result in grain growth instead of densification, and this
naturally leads to lower shear strength. Moreover, the optimum sintering tempera-
ture and time are related to properties of the nano-Ag pastes, such as diameter,
morphology, dispersant, and solvent, as well as to the specifics of joint design [102].
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14.2.2.3 Heating Rate in Nano-Ag Pastes

Another important sintering parameter is the heating rate. It has been reported that
surface diffusion is the dominant mechanism for low-temperature sintering, while
grain boundary or lattice diffusion dominates the high-temperature sintering of
nanopowders [103]. Although a high heating rate might minimize the aggregation
of nanoparticles during the ramp-up to the high sintering temperature [95], the
heating rate must be low enough to allow adequate outgassing of organics, without
disrupting the connection between the nano-Ag particles. Hence, an initial
pre-sintering process is always introduced to dry the paste before the actual
sintering [95]. Some researchers also introduce a separate drying profile or a double
printing process with an interim step of drying before the final sintering step, to
ensure complete outgassing of the solvents before densification. However, a low
heating rate can induce the overgrowth and aggregation of nano-Ag particles, and
these larger particles then require higher sintering temperatures for densification
[104]. Hence, it is necessary not only to avoid the overgrowth of particles with a
high heating rate but also to release all organics with a low heating rate in the initial
stages of the sintering process. Furthermore, it has been shown that a rapid heating
rate results in the formation of a denser joint with higher shear strength. An
excellent example of the effect of heating rate on the microstructure of sintered
Ag particles is shown in Fig. 14.2 [76]. This figure shows that a low rate was

Fig. 14.2 SEM images of the fracture surface of nano-Ag joints with different heating rates: (a)
1, (b) 10, (¢) 20 °C/min, and (d) direct heating [76]
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Fig. 14.3 The shear strength of nano-Ag pastes with various bonding conditions [76, 92-94,
96, 98]

beneficial for the optimum vaporization of organics in the paste; however, if Ag
nanoparticles stayed too long in the low-temperature regime, the sintering driving
force was consumed by non-densification processes, and this led to sintered mate-
rials of high porosity and low shear strength. When the heating rate was increased,
the sintered Ag nanoparticles tended to be more compact, and, at the same time,
the effective connecting area between the grains increased, contributing to high
shear strength. Too high heating rate caused partial sintering and left many dried
nanoparticles with their original morphologies. Therefore, in sintering process, a
variable heating rate might be better able to match the surface and lattice diffusion
of nano-Ag pastes.

A summary diagram is shown in Fig. 14.3, which clearly indicates how sintering
parameters affect the strength of joints. The strength increases with the sintering
temperature and pressure when same Ag pastes were used. Even with Ag pastes of
the same composition, the strength depended on the heating rate and sintering time.
On the other hand, in addition to the sintering parameters mentioned above, other
factors, such as the sintering atmosphere, bonding substrates, bonding area, and
composition of paste, also affect the joint strength. Detailed discussions on these
aspects of nano-Ag joints can be found in recent reviews [34-36, 38].

14.2.3 From Nano-Ag Pastes to Hybrid Silver Pastes

In most die-bonding processes, applied pressures of about 1-20 MPa, even pres-
sures over 50 MPa, are always needed to improve the bonding performance, and to
increase the bonding strength of micro- and nano-Ag pastes. The development of
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the latter has decreased the pressure required to about 2—5 MPa, depending to the
size and type of nanoparticles in the silver pastes. Bonding joints with strengths of
about 20 MPa have been achieved with no applied pressure at the high sintering
temperature of 300 °C; however, the strength was decreased substantially, to only
10 MPa, far below the requirements of industrial applications, when the sintering
temperature was reduced to 200 °C [94]. This is indicative of the difficulty
associated with simultaneous optimization of the sintering temperature and pres-
sure, with pastes containing nanoparticles comprised solely of silver. The primary
reason for this is that nano-Ag pastes require high levels organics for dispersion and
storage. Thus, there is a strong desire to reduce or eliminate the pressure required
for the low-temperature sintering process for the very thin SiC/GaN chips, which
might suffer from passivation cracking during pressure sintering.

In these nano-Ag pastes, the presence of organics correlates with the need for
applied pressure, as shown in Fig. 14.1. In order to increase the contact area and the
probability for contact between neighboring Ag particles when organics are
removed, applied pressure is used to assistant and enhance the shrinkage of the
Ag structure. One approach to minimize the applied pressure is to increase the
concentration of Ag particles by decreasing the level of organics in the pastes. A
nano-Ag paste containing 96.1 mass% Ag particles achieved high-strength Ag
joints during pressureless sintering [94]. The organic content of the paste, about
3.9 mass%, was significantly lower than the 15 mass% found in conventional nano-
Ag pastes [92]. However, to achieve pressureless sintering, the sintering tempera-
ture was increased to over 300 °C as a result of the grain boundary diffusion in the
presence of so many silver nanoparticles. Considering the effects of pressure and
temperature, just described, on the performance of silver joints, it is reasonable to
expect that hybrid Ag pastes, composed of nano- and micro-sized Ag particles,
might allow for an increase in the concentration of Ag particles, with a simulta-
neous decrease in the level of organics in the pastes. Indeed, this was observed for
hybrid Ag pastes; these hybrid pastes showed a decrease in both the sintering
temperature and pressure required to achieve high performance of the Ag joints
[105, 106].

The sintering process of the hybrid Ag pastes is shown schematically in
Fig. 14.4. When Ag particles with different diameters are mixed together, the
contact opportunity and area between neighboring particles is naturally increased

Fig. 14.4 The schematic diagram of sintering process for hybrid Ag paste
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due to enhanced close packing structure which is similar to the application of
pressure. When the organics in the paste are removed, neck growth between
adjacent particles occurs naturally, making a dense, sintered Ag structure. The
neck growth occurs easily between adjacent small and large particles [107]. The
advantages of a hybrid Ag paste can be summarized as follows: First, the sintering
pressure decreases. Generally, pressure is required to increase the contact area
between Ag particles. In the hybrid paste, Ag particles of different sizes naturally
form a denser structure, and this increases the contact area. Second, the sintering
temperature decreases. As particle diameters decrease into the nano-size regime,
melting points decrease, allowing for easy sintering [50-52]. The presence of Ag
nanoparticles in the hybrid pastes enhances sintering because grain boundary
diffusion occurs readily between small and large particles [107]. Third, the level
of organics in the paste is reduced. An organic coating always exists on the
nanoparticle surfaces, and this prevents Ag nanoparticles from self-cohesion and
agglomeration during preparation, dispersion and storage. In the hybrid paste, the
addition of Ag microparticles to Ag nanoparticles decreases the concentration of
Ag nanoparticles, thereby reducing the level of organics, which, in turn, promotes
sintering. Fourth, costs decrease. The excessive miniaturization of nanoparticles
decreases the sintering temperature; however, it significantly increases the cost of
the Ag paste as well as the relative level of organics in the paste. For a hybrid Ag
paste with an optimized Ag particle size distribution, one can use micrometer or
sub-micrometer Ag particles to substitute those nano-Ag particles [105, 106, 108].

14.2.3.1 The Fabrication Methods of Hybrid Ag Pastes

The composition of a hybrid silver paste is simple; it consists of two or more Ag
particle types, dispersed in a solvent, in order to ensure a close-packed Ag structure
after sintering treatment. There are two main fabrication methods. The first is to
directly mix Ag particles of different diameters. The second is to mix Ag powder
and Ag compounds which decomposed into Ag nanoparticles during the sintering
process. In the first method with the direct mixture of Ag microparticles and
submicron Ag particles, many promising results have been reported [105, 106,
108-111]. The Ag microparticles had an average diameter of about 8 pm, and the
submicron Ag particles had an average diameter of about 300 nm. The Ag micro-
particles had a flake-like shape and enhanced contact area between particles and
substrates because of their relatively flat surfaces. The submicron Ag particles had a
spherical shape with small size and could fill the voids between the Ag micropar-
ticles to make a dense Ag structure [106]. The mixing method was easy and simple
to control by varying the levels of different-sized submicron Ag particles. However,
the optimal matching of variously sized Ag particles with different surface coating
agents, the optimization of the diameters of the various Ag particles, and an
understanding of the relationships between Ag particle diameters and joint perfor-
mance are issues that remain to be addressed.
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Fig. 14.5 The schematic diagram of hybrid Ag paste based on silver power and Ag compounds [112]

The second method described above, the in situ growth of small Ag particles
during the sintering process, is also being evaluated as a method for producing a
hybrid paste. It is known that silver oxides are thermal unstable and easily reduced
to metallic Ag at temperatures above 250 °C [86]. Making use of the property of
endothermic decomposition of Ag,O, Schmitt et al. used Ag microparticles and
Ag compounds to make a hybrid Ag paste [112, 113]. When the paste was heated,
Ag nanoparticles were produced in situ and filled the voids between submicron Ag
particles, resulting in low-temperature sintering under low pressure (Fig. 14.5).
Using the in situ formation of Ag nanoparticles during the heat-driven decomposi-
tion of Ag,O, Morita et al. directly used submicron Ag,O particles to bond copper
disks by heating at 300 °C in air under a pressure of 2.5 MPa, achieving a shear
strength of about 20 MPa [114]. Problems arise due to the violent decomposition of
Ag compounds during the sintering process; therefore, extra pressure is always
needed to keep the chip fixed and to maintain the arrangement of various compo-
nents in the device. Therefore, the first method for the direct mixture of Ag
microparticles and submicron Ag particles is a promising way only if some
compounds which easily decompose at low temperature are developed.
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14.2.3.2 The Joint Performance and Reliability of Hybrid Ag Pastes

The performance of Ag joints depends on many factors, including the type of Ag
particle, the composition of the paste, and the sintering parameters mentioned
above. As for Ag nanoparticle pastes, the shear strength of joints formed by hybrid
Ag pastes is generally improved by the varying properties of the hybrid Ag paste.
One of the present authors has demonstrated that micron-sized Ag particles can
provide a stable bonding strength at 200 °C without applying pressure [106]; when
Ag particles with an average particle diameter of 300 nm were added to the hybrid
Ag paste, the joint strength was greatly improved, even at low or zero pressure,
depending on the weight percent of small particles (Fig. 14.6a). The highest
strength was achieved when the weight percent of Ag microparticles was about
80 % in the hybrid paste [109-111]. On the other hand, as mentioned above for Ag
nanoparticle pastes, the sintering atmosphere also affected the joint by accelerating
the depletion of the dispersant [115, 116]. It was found that the presence of oxygen
in the sintering atmosphere played a key role in promoting low-temperature and
low-pressure sintering of the hybrid Ag-paste. A clever experimental process was
designed to control the flow rate of nitrogen and oxygen. In pure nitrogen, the
bonding strength was almost zero. The bonding strength sharply increased with
increasing oxygen concentration and then become saturated (Fig. 14.6b). There are
number of possible reasons for this behavior. The oxygen may have promoted the
decomposition of organics in the paste, or it may have induced the reduction of
Ag,0. Alternatively, oxygen may have assisted the densification of the sintered Ag
structure, or it may have accelerated the diffusion of between neighboring Ag
atoms. The exact role of oxygen remains unknown. However, it is reasonable to
suggest that an oxygen partial pressure is required to achieve high-strength joint in
these Ag pastes [117]. Furthermore, in order to enhance the adhesion between the
hybrid Ag paste and other nonmetal materials, some polymer particles were added
to improve adhesion to an LED chip and to nonmetal substrates. This addition did
not reduce conductivity and even improved joint strength [110].

Additionally, the use of a hybrid paste, produced with low-temperature sintering
and without applying high pressure, as a die-attachment material was demonstrated
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Fig.14.7 Resistivity change of Ag pastes with sintering temperature (a) and content of submicron
particles sintered at 200 °C for 30 min (b). EG ethylene glycol, ET ethanol as solvent [111]

[111]. This observation could potentially lead to the widespread use of hybrid Ag
pastes instead of traditional solders. For example, the resistivity of hybrid Ag paste
exhibited a continuous decrease with sintering temperatures. Above 200 °C, the
resistivity decreased to less than 1 x 107> Q.cm, which is equivalent even lower
than the values obtained with Ag nanoparticle pastes (Fig. 14.7a). This can be
attributed to the reduced level of organic surface residues in the hybrid Ag pastes
and excellent package of Ag particles with different size. The resistivity also
depended on the level of the addition of submicron Ag particle in the hybrid
paste (Fig. 14.7b). The microstructural changes during sintering clearly suggest
that a close-packed Ag skeleton structure was formed in the hybrid paste
(Fig. 14.8). This contributed to the high shear strength of 31 MPa obtained at
300 °C under a small bonding pressure of 0.4 MPa [111]. Furthermore, it is worth
noting that the joint made by the hybrid Ag paste can maintain a high strength of
31 MPa, even after extreme thermal cycles from —40 °C to 300 °C, repeated for
250 cycles.

In contrast, when only Ag microparticles were used as die-attachment materials,
the joint strength always decreased rapidly for high-temperature storage times
greater than 100 h [118]. The fractures always occurred at the interface between
the SiC chip and the silver paste, suggesting that some of the large cracks were
formed by the bridging growth of neighboring pores, which occurred due to thermal
stress (Fig. 14.9). This might result from a mismatch in the coefficient of thermal
expansion (CTE) between the SiC chip and the substrate. Heuck et al. reported a
silver paste with an improved CTE, where the paste was composed of micron-sized
SiC particles and micron-sized Ag particles; the improved CTE led to improved
mechanical stability and electrical resistivity of the joints fabricated with the Ag
paste [119]. Nano- and micron-sized silicon carbide particles (SiCp) have also been
used as reinforcements in metal matrix composites (MMCs) because of attractive
properties such as low density, high hardness, and superior thermal conductivity
[120, 121]. Attempts were made to improve the high-temperature stability of Ag
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Fig. 14.8 Microstructural changes of the micron Ag and the hybrid Ag pastes in sintering at
200 °C (SIM). All cross sections were obtained from the vertical cut of the Ag tracks. (a—¢) Micron
Ag paste, (d—f) hybrid Ag paste; (a, d) 5 min, (b, e) 10 min, and (c, f) 30 min [111]

microparticle pastes through the addition of SiCp [122]. When appropriate levels of
SiCp were added to the Ag microparticle paste, the strength of the joint was not
reduced but rather was increased. More importantly, the addition of SiCp greatly
improved the high-temperature stability of the joint, to an extent which was
dependent on the concentration of SiCp in the Ag paste. SiCp inhibited the growth
of grains and pores, which decreased the coarsening of sintering Ag structure under
high-temperature operation, in particular at 250 °C, which is the ideal operation
temperature for high-power SiC devices. After aging for 500 h, the porous Ag
structure formed by this Ag paste mixture was unchanged from the structure that
was present after the initial bonding process (Fig. 14.10). The hardness and high-
temperature resistance of the SiC particles hindered coarsening of the porous silver
[122]. These results encourage further searches for suitable additives and/or new
methods that will improve the performance of joints formed by hybrid Ag pastes.

A high joint strength over 40 MPa has also been obtained by designing and
optimizing the diameter of Ag particles in hybrid Ag paste, which was then
processed at 200 °C with a pressure of only 0.4 MPa [108]. The high strength
was the result of a dense Ag structure formed by the uniform and ordered arrange-
ment of Ag particles with an optimized distribution of particle sizes. In particular,
the joint strength was maintained, even after storage at 250 °C for over 500 h, in
contrast to the performance of an Ag microparticle paste (Fig. 14.11). This excel-
lent high-temperature stability was the result of a condensed and bulk-like bonding
interface between chips and substrates, formed during the high-temperature
process [123].
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Fig. 14.9 Interfacial microstructures of Ag flake layer in SiC die attachment, damaged by the
H-thermal cycles: (a) SEM image of SiC wafer side interface, (b) higher magnification image of
the wafer side, (c¢) Cu plate side image, and (d) the high magnification [118]
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Fig. 14.10 Evolution of cross-sectional morphology after aging at 150, 200, and 250 °C for 500 h:
(a—d) joints with no additive; (e, f) joints with added SiC; (a) and (e) are the as-bonded state [122]

The reliability of joints is affected by the substrate choice, as well as by the size
of the Ag particles used in the paste [124]. The thermal and mechanical properties
of the paste and the substrate must be matched. Moreover, the solvents in Ag pastes
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Fig. 14.11 Shear strength of Ag pastes after high-temperature storage at 250 °C. HC130: size
distribution from 230 to 900 nm. HC200: size distribution from 280 to 500 nm. C paste: micro-Ag
with a size of 8 pm [123]

have important effects on the viscosity, fluidity, reactivity, and sintering behavior of
Ag [125-127]. When a solvent with excellent shear thinning behavior was selected
to optimize the performance of a hybrid Ag paste, a joint strength greater than
80 MPa was achieved at 280 °C with a small applied pressure [128]. The slow
evaporation and decomposition of the solvent contributed to the high strength,
because the slow speed of solvent removal allowed densification and shrinkage of
the sintered, porous Ag structure. Consideration of the effects of solvent on the
sintering behavior of Ag pastes might prove to be a new path to achieving the
sintering of such pastes at low temperature and low pressure.

14.3 Copper Pastes

There are many reports of the use of Ag pastes as joining materials because Ag has
the highest thermal conductivity among metals, has a high melting point (963 °C),
and because Ag particles can be synthesized easily and are chemically stable in air.
Moreover, Ag particles remain bond, even at temperatures higher than the melting
point of the Ag particles, because the Ag particles convert to a bulk state during
bonding. Thus, Ag pastes have the potential to produce joints in power devices that
will endure the severe conditions of operation at temperatures greater than 200 °C.
Although Ag nanoparticles work well for die-attaching materials, they have some
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disadvantages: Ag is relatively expensive, is prone to migration under an applied
voltage, and is susceptible to moisture damage, which leads to short device life-
times. Therefore, it is inevitable that the development of alternative materials has
become a goal. Compared to metallic Ag, copper is only 6 % less conductive but it
is 1000 times more abundant and 100 times less expensive. More importantly,
copper is also robust to electromigration. For these reasons, copper pastes have
become ideal alternatives to silver paste and have been studied in recent days
[98, 129, 130]. Although copper has many advantages, it is susceptible to oxidation
in water or air, because of contact of the Cu particles with oxygen. This drawback
limits the overall advantage of metallic Cu pastes [131-134]. This point should be
remembered when the cheap Cu pastes are used as die-attaching materials in power
devices.

14.3.1 Synthesis of Cu Pastes

In general, the process steps for Cu pastes are similar to those of Ag pastes. The first
step is the fabrication of the paste. As for Ag pastes, Cu pastes are composed by
micro- or nano-sized Cu particles. There are many methods to make Cu particles,
including radiation methods [135], supercritical fluid techniques [136, 137], laser
ablation [138], vacuum vapor deposition [139], and chemical reduction
[140, 141]. For use in semiconductor assembly, the synthesis of metal particles
needs to be cost-effective and have high yields at large scale. Polyol synthesis is a
simple, large-scale method of preparing metal nanoparticles by adjusting parame-
ters such as reaction time and temperature and by selecting suitable capping agents
and additives [142—145]. The electrical wire evaporation process is also an attrac-
tive technique for low-cost nanoparticle fabrication [146—148]. This technique
produces nanoparticles with smaller and narrower particle size distributions com-
pared to nanoparticles produced in gas atmospheres, and it avoids the agglomera-
tion and the formation of by-products, which are formed in some more complicated
chemical synthetic processes. Both of these large-scale synthetic methods can
continuously produce Cu particles with gram level; however, limitations in particle
extraction from the reaction medium remain a concern for producing large volumes
of metal particles. There are other simple methods to make Cu particles, including
the mechanical ball-milling method. Different types of milling machines can be
used to prepare micro-sized Cu particles in large volumes; the type of mill, milling
speed, temperature, time, atmosphere, and container type are important production
parameters [149]. However, the milling method has some limitations, including
difficulty in the production of nano- and submicron-sized particles and long pro-
duction times. Recently, an oxygen combustion method was used to produce metal
nanoparticles, in large volumes, in a vacuum environment; however, while large
supplies of product could be obtained, a thin oxide layer was always present on the
surfaces of the copper particles. Details of synthetic techniques for Cu micro- and
nanoparticles can be found in some recent reviews [131, 150—153]. Alternatively,
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some Cu compounds have also been used as die-attachment materials. These Cu
compounds decompose in situ, during the sintering process, and form Cu particles
and bonding [154, 155].

14.3.2 Anti-oxidation Methods for the Sintering of Cu Pastes

Metallic Cu is a promising material for bonding because it is cheap, and
electromigration does not take place as readily as it does with metallic Ag. The
main problem with Cu particles, even micro-sized particles, is that they are easily
oxidized in air. Furthermore, it is difficult to stabilize pure Cu particles that do not
have an oxide layer. Even when starting with pure Cu particles that have been
prepared under an inert gas environment, the oxidation of Cu particles, which
occurs during the heat treatment of Cu pastes, remains a huge challenge for the
use of Cu particles in bonds.

The most common method is heat a Cu paste in high vacuum, above 200 °Cin a
reducing or an inert atmosphere, such as hydrogen or nitrogen [156—162]. The main
oxide layer on the surface of Cu particles is CuO and Cu,O, which can be easily
reduced to metallic Cu at a suitable temperature and under atmospheric hydrogen
conditions [163]. Normally, CuO reduces directly to metallic Cu without formation
of an intermediate or suboxide (i.e., no CusO5 or Cu,0) and is easier to be reduced
than Cu,0. Therefore, by controlling the composition of the oxide layer on the
surface of Cu particles, it is possible to obtain high performance with sintered Cu
structures. Very detailed studies of the sintering of copper powders, using different
oxygen levels, and various sintering atmospheres (H,, 90%N,-10%H,, N,, and
vacuum), strongly suggest that the sintering process should be carried out in an
atmosphere with low hydrogen content, or in under vacuum, or in an inert gas
atmosphere. For example, in order to prevent cracking and swelling during the
process of forming the sintered copper structure, copper powders with low oxygen
content should be used; this might decrease the formation of water due to the
hydrogen—oxygen reaction [164]. On the other hand, Champion et al. found that
the reduction temperature of the oxide layer on the surface of Cu nanoparticles,
under a sintering atmosphere that contained hydrogen, was lower than that on
micron-sized particles or on bulk copper, primarily as a result of the large surface
curvature of the nanoparticles [165]. Rathmell et al. reported a transparent film
comprised of copper nanowires (CuNWs) with a sheet resistance of about 30 Q sq ™"
and a transmittance of 85 %; this film was produced by sintering at only 175 °Cin a
tube furnace with a pure hydrogen atmosphere, after the film had been cleaned in a
gas atmosphere of 5 % hydrogen and 95 % nitrogen at room temperature [156]. The
bendable and flexible transparent Cu film could carry a maximum current density of
0.533 A cm ™2 at a voltage ramp of 1.57 V s, compared to 0.866 A cm ™2 at a
voltage ramp of 1.61 V s~ for ITO film (Fig. 14.12). It has also been suggested that
even Cu nanoparticles with an oxide layer would benefit from low-temperature
sintering.
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Fig. 14.12 (a, b) CuNW ink before and after coating on PET with a Mayer rod. (c) A bent CuNW
film (25 Q sq~" and 83 % transparent) completing an electrical circuit with a battery pack and an
LED. (d) Plot of current versus voltage for 40 Q sq~' CuNW films, demonstrating their maximum
current-carrying capacity. (e) Current versus time plot for films of CuNWs (40 Q sq_l) and ITO
(42 Q sq") with an applied voltage of 1.5 V over 24 h demonstrates the relative stability of CuN'W
films over time. The inset of (e) shows a visual comparison of ITO (10 Q sq’l) and CuNW
(75 Q sq™ ") films, both 88 % transparent, backlit by an iPhone display [156]

Although the hydrogen plasma is the most widely used and best known method
to reduce copper oxide to copper metal, the risks and complexity of this method
present serious problems in industrial applications. Recently, some safer
non-plasma methods that use reducing agents have been developed for copper
oxide reduction. When a thick copper oxide film was exposed to reducing agents
(ethanol or formic acid) below 400 °C, using nitrogen as a carrier gas, it was
completely reduced to elemental copper in just a few minutes [166]. The process
was very simple and fast and was controlled by varying the vapor pressure of the
reducing agents. The copper oxide film was completely reduced in 5 min at
temperatures below 400 °C. Surprisingly, oxygen was rapidly removed from deep
under the copper surface (~400 nm), apparently due to the high mobility of oxygen
and its sensitivity for concentration gradients. Ethanol was a slightly better reducing
agent than methanol. Formic acid was stronger than alcohol and even reduced
copper oxide at temperatures below 310 °C. The reduction temperature could also
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Fig. 14.13 Schematic diagram of the apparatus for ethanol-assisted sintering (a) and the electrical
resistivity of spheroidal (15 pm) and flaky (50 pm) copper powders after annealing in ethanol
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be decreased by decreasing the size of the Cu particles. Jang et al. sintered Cu
nanoparticles under a formic acid atmosphere, to produce copper patterns at just
250 °C [167]. These Cu nanoparticles, with diameter of 5 nm, grew into large
grains, with sizes above 500 nm, achieving Cu patterns with low resistivity.
Generally, the oxidation and reduction reactions of copper compete during the
sintering process. The copper oxide crystalline domains increase more rapidly
when the temperatures are higher than 200 °C. Therefore, at higher temperatures,
the rate of oxidation may be greater than the rate of reduction. Furthermore,
decreasing the sintering temperature might be favorable for the sintering of copper
nanoparticles. Yu et al. obtained highly conductive Cu patterns with a formic acid
atmosphere at only 200 °C, which was high enough to allow melting of the surfaces
of the 25 nm Cu nanoparticles, creating a conductive network [168]. In order to
apply these Cu patterns to polymer substrates with low heat resistance, micron-
sized Cu powders were sintered at 120 °C on a hot plate, with the assistant of
ethanol vapor, to produce highly conductive Cu patterns (Fig. 14.13). The low
sintering temperature was attributed to the reduction of the native oxide on the
surfaces of the Cu powders by the ethanol vapor. The Cu particles produced by
reduction are very active and tend to sinter with each other to lower the surface
energy, producing excellent conductive paths [169]. Compared to hydrogen
sintering, sintering with reduction agents is a simple and safe process. By tailoring
of size distributions of the Cu particles, the sintering temperature might be
decreased further, allowing the widespread use of low-cost Cu pastes in various
devices.

The problem of oxidation of Cu particles might also be addressed by minimizing
the exposure of the copper particles to oxygen. Some special sintering techniques,
which can even be used in air, has been developed to very rapidly anneal Cu
particles [132, 170-173]. It is known that intense flashlamp annealing is a milli-
second process. This process uses irradiation with visible light with a broad spectral
range. During this process, the temperature of the target materials can be instanta-
neously increased by several hundred degrees, far above the decomposition
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(b)

Fig. 14.14 SEM images of copper nanoparticles: (a) dry nanoparticles; (b) sintered copper
nanoparticles after reactive IPL sintering [173]

temperature of copper oxide and organics. Due to the short time at this temperature,
the bare Cu particles have no chance to reoxidize; rather, they are sintered together,
even in ambient conditions. Cu nanoparticles with an oxide shell were sintered with
an intense flashlamp, which successfully removed the oxide shells and produced a
conductive, pure copper film in a short period of time (2 ms) under ambient
conditions (Fig. 14.14). The in situ copper oxide reduction may correlate with the
presence of organic materials, such as polyvinylpyrrolidone (PVP), which decom-
pose to release reducing agents [173]. Joo et al. found that the synergistic interac-
tions between Cu nano-ink (with 20-50 nm diameter particles) and Cu micro-ink
(with 2 pm diameter particles) were enhanced during flashlamp sintering, and this
contributed to the formation of a dense and pure Cu network structure [170]. The
temperature of Cu nano- and micro-ink films increased instantaneously upon
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flashlamp irradiation. The maximum temperature reached in Cu nanofilms (about
290 °C) was far higher than in Cu microfilms, because Cu nanoparticles have a
higher specific surface area. Thus, Cu nanofilms can absorb light more efficiently
than Cu microfilms. Moreover, the temperature of Cu nanofilms stayed constant for
some amount of time after the irradiation ended, while the temperature of Cu
microfilms began to decrease immediately after the flashlamp irradiation ended.
To take advantage of the high-temperature properties of Cu nanofilms, which are
exhibited under flash irradiation, organic materials and other impurities present in
the hybrid ink (composed of Cu nano- and microparticles) must completely be
removed. This will likely produce a highly conductive Cu film that has many of the
same benefits and functions exhibited by hybrid Ag pastes.

To reduce oxidation of Cu particles, a protective surface layer, composed of a
secondary material, can be added to the Cu particles. Potential secondary materials
include carbon-based materials (such as carbon and graphene), surfactants, poly-
mers, silica, and metals [131]. The secondary materials should be stable at low
temperature and should decompose, in situ, at high temperature, to avoid the any
oxidation of the Cu particles. A thick graphene layer of about 3 nm was coated on
the surface of Cu nanoparticles; this layer prevented oxidation at temperatures
below 165 °C, even in air [174]. Crystalline Cu cores, completely surrounded
with a thin carbon layer with a thickness of about 1 nm, were heated at 200 °C
for about 10 min to yield an oxide-free copper network structure with an electrical
resistivity of 25.1 pQ cm in air [175]. The nanoparticles showed high thermal
stability against oxidation up to about 180 °C (Fig. 14.15). Cu nanoparticles coated
with PVP also can effectively prevent the oxidation of Cu when heated in air
[176]. A robust bonding of Cu wires to Cu pads was realized with the
PVP-coated Cu nanoparticles, at the low temperature of 170 °C, even in air. It
is known that Cu nanoparticles are very difficult to store due to oxidation by
the ambient atmosphere. A recent report suggests that the PVP-capped Cu
nanoparticles, dispersed in alcohol, had good long-term stability. This was attrib-
uted to the uniform and orderly arrangement of PVP polymer chains, with large
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Fig. 14.15 (a) Representative high-magnification TEM image of the core—shell Cu-C nano-
structure and (b) a typical TG curve of the Cu—C NPs oxidized in air [175]
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radii of gyration and coil-like conformations, on the surfaces of Cu nanoparticles.
These arrangements provided protection against dissolved oxygen [137].

It is clear that the suitable coating agents for the surfaces of Cu nanoparticles are
needed. Core—shell structures offer an effective method avoiding oxidation of Cu
particles. Uniform Cu—Ag, core—shell nanoparticles, synthesized by a two-step
process of thermal decomposition and galvanic displacement, can be sintered up
to 350 °C in a nitrogen atmosphere without any oxidation [177]. The resistivity of
the Cu core—Ag shell nanoparticles, sintered as low as 200 °C, was only 56.73
pQ cm, which is sufficiently low to prevent damage to flexible substrates. The high
conductivity of these materials is attributed to the complete surface coverage of the
Cu nanoparticle by the Ag shell (Fig. 14.16). Other shell materials, such as Sn [178]
and NiO [179], have been used to prevent the oxidation of Cu particles in storage or
during the sintering process. All of the methods mentioned above can slow down
the oxidation of Cu particles to some extent, but they cannot completely prevent the
oxidation process. The development of new strategies is still required to enable the
widespread application of low-cost Cu particles in advanced devices.

14.3.3 The Joint Performance of Cu Pastes

Sintered Ag pastes, with their excellent thermal, electrical, and mechanical prop-
erties, have long been promising die-attachment materials for electronic modules
that demand high thermal and mechanical stability and met most user requirements.
One disadvantage of Ag sintering is that successful die attachment requires an
oxide-free, noble metal finish of the bonding partners to increase the poor resistance
of Ag to electromigration. Direct bonded copper (DBC) substrates, which are
extensively used as substrates for power electronics, need to be metalized, e.g.,
silver plated, Ni—Au plated, or Ni—Ag plated, and this increases the cost and
complexity of production. It reduces the attractiveness of silver pastes as
die-attached materials. Copper paste is a very promising, low-cost alternative to
silver paste. Copper offers very good mechanical robustness because it has a lower
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coefficient of thermal expansion (CTE) than silver and very high electrical and
thermal conductivities. Given the higher cost of Ag and the need for metallization
of DBC substrates to prevent silver electromigration in power devices, Cu pastes
have been used as die-attachment materials in recent years.

As mentioned above, the oxidation of copper in air inhibits Cu sintering.
However, many techniques have been proposed to sinter Cu paste for die attach-
ments, including sintering under high vacuum and under H, or N, atmospheres.
Krishnan reported a cost-effective method to produce Cu nanoparticles using
pulsed wire evaporation in deionized water [148]. These Cu nanoparticles were
not mixed with any precursor or organic binder system; this led to oxidization
almost immediately after synthesis. The nanoparticles were reduced under a
forming gas mixture of 95%N,—5%H, and used to bond two Cu substrates at
350 and 400 °C. A bonding pressure of 10 MPa at 400 °C gave the highest shear
strength. Similar to the sintering process of Ag paste, the parameters of sintering
temperature, pressure, and time, particle morphology and size, and composition of
the Cu paste strongly affected the joint strength. The shear strength of the Cu joint
was increased from about 5 MPa at 280 °C to over 30 MPa at 400 °C when a Cu
paste with nanoparticles of about 1020 nm in diameter were heated under a
jointing pressure of 15 MPa in a nitrogen atmosphere [129]. Moreover, the addition
of a preheat step also affected the joint strength. High preheat temperatures
decreased the joint strength of the Cu joint as a result of the gradual sintering and
growth of nanoparticles during the preheat step and the subsequent inhibition of
diffusion growth in the second heating step [129]. This was also seen in the Ag
sintering process. High purity Cu nanoparticles capped with fatty acids and amines
were synthesized from inexpensive raw materials, in ethylene glycol, with high
yield [162]. The mean diameter of the Cu nanoparticles was controlled from 93 to
13 nm, as the alkyl carbon number increased from C10 to C22 (Fig. 14.17). These
Cu nanoparticles were used to bond Cu substrates with a two-step heating process:
10 min at 150 °C, followed at second temperature for 5 min, under a bonding
pressure of 5 MPa. The shear strength increased with the sintering temperature and
depended on the size of Cu nanoparticles (Fig. 14.17). The low sintering temper-
ature and small particle size resulted in high joint strength. These benefits could be
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Fig. 14.17 Mean diameters of the Cu nanoparticles capped by fatty acid and fatty amine by
increasing the alkyl carbon number from C10 to C22 (a) and shear strengths of the Cu plates
bonded by the C10—C18 Cu nanoparticles (b) [162]
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Fig. 14.18 Effect of the bonding pressure and temperature on shear strength of Cu pastes joints
under various atmospheres with different bonding times [129, 134, 161, 162, 180]

attributed to the ease of sintering of small nanoparticles and the resulting dense
structure. The shear strength of the Cu joints was over 30 MPa, the same shear
strength as for Ag pastes, and this has greatly encouraged further development of
Cu nanopastes.

In order to reduce processing costs, and to take advantage of other beneficial
properties of Cu materials, a novel sintering process for micron-sized Cu powders
was developed [180]. The Cu powders were pretreated in a H, atmosphere to
remove the oxide layer from the surface of the Cu particles, producing pure,
oxide-free particles. Subsequently, the Cu powders were sintered for only a few
minutes in air, at a pressure of 40 MPa and a temperature of 350 °C; this produced
joints with shear strengths above 20 MPa. The influences of bonding parameters
and Cu paste composition on the shear strength were collated and are illustrated in
Fig. 14.18. The shear strength depended on sintering temperature and pressure; high
temperature and high pressure gave high shear strengths when other sintering
conditions and Cu composition were held constant. However, the shear strength
also depended on the size of the Cu particles. There was no strong relationship
between small particle size and high strength; particle size and distribution of
particles are likely key factors in the performance-related properties of Cu pastes.

In order to decrease the oxidation of Cu pastes during the bonding process, Cu
pastes with other metal or metal oxide additives, which can slow down the oxida-
tion, have been used to bond Cu plates [181-185]. For these pastes, this sintering
process was carried out in H; or other reducing atmospheres or in air. For example,
NiO particles were mixed with Cu nanoparticles and the mixture was used to bond
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Fig. 14.19 Shear strength of the various Cu-to-Cu joints (a) and S-TEM image and EDS
spectrums of the mixed Cu—Ag nanoparticle sintered layer formed at 350 °C [98]

Cu plates; shear strengths above 20 MPa were achieved, even with pressure-free
bonding condition. A NiO—CuO solid solution was formed in the beginning of the
sintering process, and this might contribute to the enhanced strength. The Ni in the
bonding layer segregated at the surface and at grain boundaries of crystalline Cu
particles, forming a metallic Cu—Ni alloy. These results suggest that NiO addition
causes enhanced sintering by surface diffusion in the bonding layer. The increase in
surface diffusion results from removal of surface oxides from the Cu nanoparticles
during their reaction with the NiO nanoparticles [182]. Strong joints using Cu
nanoparticles and enhanced Cu-to-Cu bonding were achieved through the addition
of Ag nanoparticles [98]. The paste mixture was preheated at 150 °C for 5 min
without pressure and then bonded at a fixed temperature for 5 min under 10 MPa
pressure. The joint strength depended on the Ag content in the paste and on the
sintering temperature (Fig. 14.19). Above 250 °C, the pastes with Ag levels greater
than 50 % achieved higher strength than pure Ag pastes. A solid solution of Ag and
Cu at the bonding interface may contribute to the increased strength. Generally, in
the case of bulk metals, the solubility limit of Ag in Cu, and Cu in Ag, at room
temperature is less than 1 mass%. In the joint, the Ag content in the Cu
nanoparticles was 46.5 mass%, which may relate to the high activity of Ag and
Cu nanoparticles (Fig. 14.19). Moreover, an Ag—Cu nanopaste was also produced
by mixing commercial Ag and Cu nanoparticles with solvent and binder; these
mixtures could then be sintered in air at 380 °C, without applying external pressure
[183]. The Ag—Cu pastes, with a thick coating layer of binder, were protected from
oxidation and achieved high conductivities, even after sintering in air (Fig. 14.20).
This also provided a strategy for Cu paste as die attachment.

In other studies, reducing agents were used as solvents, and this assisted in the
sintering of Cu particles. For example, pastes composed of micron-sized Cu flake
were used to produce Cu-to-Cu joints under a formic acid atmosphere [186]. The
shear strength of these joints exceeded 15 MPa, when for processed at 300 °C for
60 min, with a low pressure of 0.4 MPa. The decomposition of the polyethylene
glycol (PEG) solvent enhanced the sintering of Cu microparticles by removing the
oxidation. To develop suitable reducing solvent is also a promising strategy for Cu
paste.
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Fig. 14.21 Schematic illustration of the growing silver crystallites from the shell (a) [187] and the
synthesis of Ag—Cu nanoparticles (b) [190]

Furthermore, to avoid the oxidation of low-cost Cu nanoparticles in air, some Cu
nanoparticles have been developed where the cores are comprised of Cu and the
shells are comprised of other metals. One problem with these particles is that the
metal shells tend to aggregate and transform into small particles; these attach to the
surface of copper cores when the temperature is raised (Fig. 14.21). These resulting
Cu particles are no longer coated by a metal shell. Therefore, if they are exposed to
oxygen at this elevated temperature, they can undergo oxidation, as was indeed
found, while heating in air [187, 188]. Therefore, the idea of alloying other metals



14 Advanced Bonding Technology Based on Nano- and Micro-metal Pastes 617

with Cu has been proposed [189, 190]. The calculated trends for O, adsorption on
these Ag—Cu nanoparticles show that the adsorption energy declines rapidly in an
O, atmosphere. Electron transfer from Cu to Ag within the structure provides far
better resistance to oxidation than monometallic Cu nanoparticles, making these
materials suitable for use in die-attachment materials.

The high-temperature stability and reliability of Cu joints are seldom studies due
to the oxidation in air. With the development of Cu pastes that can potentially
substitute for Ag pastes, the reliability of Cu joints becomes an issue. Ishizaki
et al. have attempted to evaluate the thermal resistance of Cu nanoparticles joints
and found that the joints remained stable, even after 3000 thermal test cycles
between 60 and 200 °C [191]. This suggests that Cu joints have excellent thermal
resistance; however, the evolution of the Cu structure and the fatigue mechanisms
of the Cu joints under real service conditions are still unknown. These questions
should be the focus of future studies.

14.4 Other Bonding Techniques

Besides the sintering of metal paste, there are other techniques that can make joints
by directly bonding two metal films together, e.g., the “silver direct-bonding”
technique. In this technique, diffusion growth of Ag at the bonding interface, due
to stress in the Ag film, produces bonding between chip and substrates. The Ag
films are generally produced by deposition, either by electrolytic plating or by
sputtering methods, on the chip, on the substrates, or on both surfaces. Then the Ag
film surfaces are brought together at elevated bonding temperatures, with
[192, 193] or without pressure [194-197]. Although stress migration and the
resulting stress relaxation at the bonding temperature play a key role in the bonding
process, the function of the solvent used in the bonding process, and the role played
by the growth of hillocks, remain unclear. Similarly, Cu—Cu direct-bonding tech-
niques have been used for die attachments. Due to the oxidization of Cu, these Cu
films need to be activated and brought together under an ultrahigh vacuum condi-
tion [198-201]. Bonding pressure or temperature can be optimized to improve joint
production. However, the development of simple Cu—Cu direct-bonding methods
that can be applied in air may be challenging. Nevertheless, direct-bonding tech-
niques have generated novel opportunities to produce WBG devices at low tem-
perature, low pressure, and large scale.

14.5 Conclusion

This chapter has summarized advanced bonding technologies based on nano- and
micro-metal pastes, including those composed of Ag and Cu particles. The influ-
ence of sintering parameters on the quality of sintered metal joints was discussed in
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detail. Low-temperature and low-pressure (even no pressure) sintering processes
have been developed, thanks to the miniaturization of particles and the optimization
of particle combinations in these metal pastes. Ag paste has a long history of
development and much data on the long-term mechanical properties of Ag joints
has been accumulated, in large part because Ag metal particles are easily processed
in air. The poor electromigration resistance of Ag joints has stimulated the devel-
opment of Cu pastes; however, these suffer from the huge problem of oxidation in
air. Various measures have been proposed to reduce or eliminate this oxidation;
however, further studies are under way. In order to use these low-cost Cu pastes in
real devices, future work must address factors such as the design of Cu particles, the
composition of Cu pastes, the use of reducing agents, and the use of new sintering
processes which would decrease exposure to air. Furthermore, with the develop-
ment of flexible devices, where the use of metal joints will be common,
low-temperature (even room temperature) and zero-pressure bonding processes
will be required in the near future.
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