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ABSTRACT

Sintered silver (Ag) is one of the most promising interconnect material for high temperature
electronics applications due to its potential to withstand harsh and extreme environments.
This paper investigates the microstructure evolutions of Ag particles under pressureless
sintering in a polymeric adhesive binder at 200 °C, 250 °C, 275 °C, and 300 °C for a duration
of 2 hours. The grains, particles, and neck growth observed via two-dimensional Focused Ion
Beam (FIB) cuts on the samples at different sintering temperatures were associated with the
atomic motions and reduction of surface energy that is the driving force for sintering. In this
study, the pressureless sintering process in a polymeric adhesive binder successfully
transformed the scattered Ag particles into a compact and dense Ag joining at 300 °C. The
electrical conductivity value obtained at 300 °C was 5.2E+05 S/cm, which was the highest

among the evaluation samples.
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1. INTRODUCTION

Lead containing solder alloys, such as tin-lead (SnPb) has dominated the interconnect technology
for many decades [1-4]. Technological revolutions and ecological concerns have made the use of
lead containing solder alloys as die attach materials no longer ideal [5,6]. Lead free solder alloys,
such as tin-silver-copper (SAC), have then become an alternative to SnPb solder [7,8]. SAC solder
alloys provide reasonable thermal performance (~60 W/mK), fast assembly, and low cost
processing [9]. It also has broad compatibility with semiconductor packaging and surface mount
technology (SMT) devices [10]. However, the use of lead-free solder alloys in high power
semiconductor devices, such as wide band gap semiconductor and insulated-gate bipolar
transistor (IGBT), possess several shortcomings due to high working temperatures. These
temperatures are well above the melting point of solder and can cause the solder joining to
deteriorate [11]. The coefficient of thermal expansion (CTE) mismatch due to different material
properties in the interconnect systems can lead to interface stress and critical reliability issues
[12]. Additionally, uncontrollable intermetallic compounds (IMCs) growth after soldering process
induces another metallurgical-joint issue that leads to reliability degradation [13,14].
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The emergence of sintered Ag die attached material is motivated by the requirement in
developing a new material that can overcome the limitation of solder material and can cope with
high operating temperatures [15,16]. The prospect of sintered Ag material that can withstand
harsh and extreme environments has made it to be in great demand [17]. The importance of
sintered Ag material is also reflected by a substantial increase in the published research papers
and patents filed related to sintered Ag as a workable technology [18-21]. Sintered Ag materials
are typically composed of micron, sub-micron, and/or nano particles that can be diffused in the
temperature range of 180 °C to 300 °C [22]. The diffusion mechanism is initiated by atomic
diffusions among Ag particles and subsequently forming a microporous joining [23]. The
microporous sintered Ag joining has a melting point of 961 °C, which is similar to the melting
point of bulk Ag material, thus Ag sinter joining can be used in high temperature applications
exceeding 300 °C [24]. Sintered Ag offers high reliability performance and high thermal
conductivity of 200-300 W/mK, about three times greater than solder die attach materials
[25,26]. In sintered Ag die attach material, the intermetallic bonds between Ag particles
determines the heat conduction path.

It is important to have a fundamental understanding of the properties and behaviours of Ag
during sintering in order to obtain the desired interconnect characteristic for die attach process.
Ag sintering behaviour depends on materials and process variables that can influence the
sinterability and microstructure of the sintered materials [27]. Typically, material variables are
related to the raw material properties such as particle shape, particle size, grain size, composition,
and green density. On the other hand, process variables are related to the sintering conditions,
such as temperature, time, atmosphere, pressure, and heating rate [28,29]. High pressure
sintering has been introduced in the early stages of sintered Ag development to assist the bonding
process since Ag particles were in micron sizes. Ag pressure sintering results in high reliability,
as it can eliminate residual porosity without excessive grain growth [30]. However, Ag pressure
sintering may induce fracture or damage to the IC devices. It is also an expensive process and has
a very low manufacturing output. Hence, it is important to explore the characteristic of Ag under
pressureless condition to overcome the limitation in pressure sintering condition.

Most of the previous studies were based on pure sintered Agjoint [31,32]. However, in this study,
a polymeric adhesive binder was pre-mixed with sub-micron Ag particles for pressureless
sintering in air to understand the microstructural evolutions. This paper includes in-depth
characterization of sintered Ag joint, such as particle shape transformations, grain size, particle
size, neck growth, density, and pore formations. The electrical conductivity was measured to
correlate the microstructure change to the conductivity improvement of sintered Ag. The findings
can be useful for certain niche applications, especially for high power electronics application.

2. EXPERIMENTAL DETAILS

Ag paste material used in this study consisted of spherical Ag particles with an average particle
size of 420 nm. The paste constituents are 80% Ag and 20% binder made up of 12% polymeric
material and 8% solvent. The Ag paste was printed manually onto 1.5 cm x 1.5 cm silicon (Si)
substrate as illustrated in Figure 1. The Si substrate was only used as a sample carrier or base
material for the sintering process. It was expected that no interaction occurs between the Ag paste
material and the Si substrate. Furthermore, this study is focus mainly on the Ag paste material
and not on the interaction between Ag paste materials to the substrate used. Four groups of
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samples were prepared and were subjected to a pressureless sintering process in air using a
thermal oven at 200 °C, 250 °C, 275 °C, and 300 °C, for a duration of 2 hours.

Figure 1. The as-received Ag paste sample.

The microstructure variations at different sintering temperatures were investigated by means of
Focused Ion Beam (FIB) micro sectioning. The FIB system used in this study was the FEI Helios
Nanolab 650 that has both ion milling and electron microscopy capability. The FIB system uses a
30 kV gallium (Ga*) ion beam with fast and precise milling that enables inspection at the cross-
sectional view of the sample. The microstructure observation was carried out using secondary
electron microscopy with an imaging resolution of 1 nm and acceleration voltage of 2 kV. The
detailed microstructure observations were performed on each evaluation sample by observing
the changes in particle size, grain size, neck growth, and pore formations after sintering process.

A 200 kV FEI Tecnai G2F20 X-Twin High Resolution Transmission Electron Microscopy (HRTEM)
system with 0.2 nm resolution was employed to observe the atomic structure of Ag paste
material. The lamella was prepared by in-situ lift out technique using FIB equipment and was
attached onto a copper (Cu) grid finger. It was then thinned down to an electron transparency,
which was less than 100 nm prior to HRTEM inspection.

The quantitative analysis of the porosity and pore size of the sintered Ag samples was performed
automatically by using image ] software. The electron micrographs of the sintered Ag samples
were converted into binary images for calculation. In order to quantify the neck growth at
different sintering temperatures, the neck width between two connecting Ag particles was
measured as illustrated in Figure 2. The neck width is defined as a diameter of the sinter bond
between two particles. According to a theoretical model developed by Kuczynski, the neck growth
can be calculated using the following equation [33,34]:

G) - w

where D is the particle diameter, X is the neck width, t is the sintering time, and n is the predicted
model depending on the diffusion form.
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Figure 2. The measurement of neck width between two connecting particles.

The conductivity and resistivity of the as-received Ag paste sample and after sintering were
measured using Ecopia HMS-5300 Hall Effect instrument as shown in Figure 3. The system
consisted of four point probes that contact directly with the sample surface during measurement.
The conductivity and resistivity measurements were conducted automatically using Ecopia HMS-
5300 V5.8.0.7 software.

Figure 3. The four point probes of Hall Effect system.

3. RESULTS AND DISCUSSION
3.1 Ag particles necking formation and grain growth

Figure 4 shows the FIB micrographs of the samples that were subjected to the sintering process
of 200 °C, 250 °C, 275 °C, and 300 °C for 2 hours. The presence of nearly spherical shaped Ag
particles was observed on sample sintered at 200 °C. Some of the particles were found to be in
intimate contact with each other, but some particles were scattered with no contact. At thermal
energy of 250 °C, the appearance of nearly spherical shaped Ag particles were still visible.
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However the neck formations between the particles were seen to be connecting them into a three-
dimensional network. The Ag particles then transformed into elongated and irregular shapes at
275 °C. Grain size enlargement was also visible. The increase of thermal energy to 300 °C
completely transformed the Ag particles into a solid Ag structure. Qualitatively, it was also
observed that some of the grains of the sample at 300 °C sintering temperature was much larger
than the particle size of sample sintered at 200 °C. The densification and grain growth dominated
the microstructural evolution at 300 °C.

The phenomenon of necking formations and the transformation of Ag particles from individual
particles into a solid structure at higher thermal energy are the results from sintering process
[35]. This demonstrates that thermal energy is an important process variable in sintering. The
extrinsic energy supply can thermally activate and initiate the particles to form inter-particle
bonds through necking between them [36]. Theoretically, energy exists on the particle surface
due to atoms not being fully bonded, unlike the bulk properties of the particles, where the atoms
are generally stable and have a balanced set of bonds. Therefore, the particle surface has much
higher energy than those in the bulk region [37]. When two or more particles are in mutual
contact, they are not in a thermodynamically equilibrium state due to excess surface energy.
Consequently, bonding between particles takes place over a period of time, resulting in a
reduction of total surface area and releasing of surface energy. In addition, the application of
thermal energy will enhance and speed up this bonding process. From a thermodynamic
perspective, the sintering process is driven by the reduction of energy on the particle surface,
promoting the atomic diffusion between the particles [38]. The thermal energy that was
introduced during sintering process stimulates the atomic motion that allows sintering to
proceed. Sintering process is faster at higher temperatures, due to the increased in the number of
active atoms and available sites. The Arrhenius relation describes that the probability for an atom
to have enough energy to move is determined by the activation energy, Q. The volume diffusion
coefficient, Dy is determined from the atomic vibrational frequency Dy, absolute temperature, T,
universal gas constant, R, and the activation energy, @, which corresponds to the energy required
to induce atomic diffusion via vacancy exchange according to the following equation [39];

Dy = Dy exp (— %) (2)
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Figure 4. FIB micrographs for sample at 200 °C, 250 °C, 275 °C, and 300 °C sintering temperature.

Figure 5 shows the plot of quantitative measurement results for particle and grain size of the
samples at different sintering temperature. In average, the particle and grain size tend to increase
with increase in thermal energy. The average particle sizes were 442 nm, 506 nm, and 913 nm
for 200 °C, 250 °C, and 275 °C sintering temperature, respectively, while the corresponding
average grain sizes were 149 nm, 155 nm, 207 nm, and 460 nm. The maximum grain size at 300
°C was 1533 nm, which was 29 % larger than the average particle size at 200 °C. In general, it can
be deduced from the graph that the particle size growth rate was much higher than that of grain
size growth rate. Additionally, the rate of grain size growth was lower at 200 °C and increased at
300 °C. The most significant variation of particle size can be observed in the sample sintered at
275 °C, where the particle sizes ranged from 445 nm to 1626 nm. On the other hand, the sample
at sintered 300 °C showed the most significant variation of grain size, ranging from 136 nm to
1533 nm.

Sample sintered at 300 °C transformed from individual particles into a solid metal structure due
to the densification and grain coarsening effects resulted from the sintering process. Therefore,
no isolated particle size data was obtained from this sample. The densification effect was due to
the change in surface energy, 4Y, where the interface between Ag particles diminished and led to
the formation of Ag to Ag joining. The region between the particles that was previously occupied
by the polymeric binders diminished during this stage due to evaporation of the polymers. The
grain coarsening occurred due to the change in surface area, 44, where the grain growth resulted
in bigger grains and solid metal formations. Therefore, the reduction of total energy, A(YA) on the
surface atoms can be determined by the following equation [40];

A(YA) = (AY)A + Y (44) (3)

The total surface energy, YA, determines the strength of the driving force for sintering, which is
inversely proportional to the particle diameter. The initial total surface area, 4, determines the
rate of sintering. In general, a smaller initial particle size facilitates better sintering due to larger
surface area, higher energy per unit volume, and higher curvature as compared with a bigger
particle size. Simply put, smaller particles would diffuse faster at lower energy that the larger
ones. These characteristics enhance the sintering process. Given an amount of material with
volume, V,,, the total surface area, 4, increases with a reduction of particle size, d, according to the
following equation [41]:
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A= 4)

The diffusion transport and mechanism are enhanced with larger surface area through surface
diffusion, while smaller grain size promotes the grain boundary diffusion and larger inter-particle
contact area to volume diffusions [42].
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Figure 5. The average particle size and grain size at different sintering temperature.

Figure 6 shows the average neck width taken from 30 measurements on samples sintered at 200
°C, 250 °C, and 275 °C. In average, the neck width increases as the sintering temperature
increases. The average neck width was 138 nm, 204 nm, and 313 nm for sintering temperature
200 °C, 250 °C, and 275 °C, respectively. The neck width of sample sintered at 275 °C was 2.3
times higher than the sample sintered at 200 °C. The most significant variation of neck width was
observed for sample sintered at 275 °C, where the neck width ranged from 159 nm to 571 nm.
The neck growth ratio was measured by taking the ratio between the width of the neck and the
neighbouring particle diameter. The average neck growth ratio was 0.36, 0.45, and 0.63 for 200
°C, 250 °C, and 275 °C, respectively as shown in Figure 6. The largest necking growth ratio for
sample sintered at 275 °C was 0.86.

The neck formations initiated at the contact points between two adjacent particles. Particle size
also plays an important role in neck growth. This is because neck formations and growth are
associated with the reduction of surface energy that is the driving force for sintering [43]. Some
of the energy is also used to balance the simultaneous grain boundary formations. Thus, neck
growth also increases the grain boundary area through grain boundary diffusions. The neck
growth progresses until surface energy and grain boundary energy attains an equilibrium state.
At this point, the neck growth and grain growth generally increase over time, which is typically
enhanced and speeded up by external thermal energy sources [44]..In a previous study by Chen,
high surface energy on the Ag particle surface not only facilitated the sintering process in terms
of neck formation and growth, but also contributed to the formation of robust and reliable
bonding between the sintered Ag and its substrate [45].
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Figure 6. The average neck width and neck growth ratio at different sintering temperature.

Figure 7 shows the HRTEM image of Ag particles. It can be clearly observed that Ag particle is a
polycrystalline material with multiple grain structures. Each grain structure has its own
crystallographic orientation and is separated by a grain boundary. There are large amounts of
vacant sites that exist along the grain boundary due to the atoms not being tightly bonded to the
adjacent atoms than those at the inner positions. Thus, atoms in the grain boundary area have
higher energy states than those in the inner positions. This energy is called as interfacial energy
or grain boundary energy, and the magnitude of this energy is a function of the degree of the
crystallographic misalignment. High energy states that exist at the grain boundary promote grain
boundary diffusion during neck growth and thereby induces grain growth. Grain growth is a
microstructural evolution due to grain boundary diffusion. The resulting grain growth means
there is an increase in average grain sizes and a decrease in the number of grains. Figure 8 shows
the plot of grain number at different sintering temperatures. The number of grains was 172 at
200 °C and reduced to 56 at 300 °C as shown in the graph. The driving force for grain growth was
the reduction in interfacial energy associated with the grain boundary diffusion in order to
minimize the total energy of the systems [46].

The degree of crystallinity was also found to influence the bonding quality of sintered Ag.
Different conditions during synthesis of Ag particles may lead to differences in the degree of
lattice expansion and contraction, thus producing a different level of crystallinity. Paknejad, in his
study, observed that high degree of crystallinity leads to high thermal conductivity, high die shear
strength, and improved joining strength during sintering [47].
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Grain boundarygss

Figure 7. HRTEM micrograph of polycyrstalline Ag particle. (a) TEM image, (b) HRTEM image shows the
grain boundary and (c) the corresponding FFT pattern.
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Figure 8. Grain number at different sintering temperature.
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3.2 Pore Formation

The porosity and average pore size were calculated automatically by converting the FIB cross
sectioned image into a binary image by using image | software as shown in Figure 9. In the
converted image, sintered Ag and pore areas were transformed into black and white, respectively
as shown in Figure 9(a). The red outline in Figure 9(b) and (c) represent the boundary of pore
areas. Image ] calculated both porosity and pore size automatically according to the defined red
outline. The average area of the pore was used as the pore size.

Figure 9. The corresponding binary image and automated pore size calculation using Image J.

Figure 10 shows the porosity and average pore size as calculated using Image ] software. The
porosity of Ag sintered at 200 °C, 250 °C, 275 °C, and 300 °C was 43%, 35%, 18%, and 2%, while
the average pore size was 1496 nm, 628 nm, 308 nm, and 118 nm, respectively. The sample
sintered at 200 °C was found to have the highest porosity level, while a significant reduction of
porosity was observed for sample sintered at 300 °C.

At 200 °C, the sample exhibited signs of early stage sintering, where the pore area was relatively
large due to less contact between the Ag particles. At this stage, the inter-particle contact was
initiated through smaller particle size, as small particle has a larger surface area to volume ratio,
causing lower thermal energy to be enough for the particle to diffuse. The characteristic of the
intermediate sintering stage was observed in the sample sintered at 275 °C, where further
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increases of particle contact reduced the pore area giving a density of 82%. At even higher
temperature of 300 °C, the dewetting and evaporation of the polymer binder caused the particles
to become closer to each other, yielding to the close contact of the particles. This temperature
range also provided enough thermal energy for bigger particles to diffuse. With a continuous
supply of thermal energy, the pore size reduced, especially at the triple junction through the
densification and grain growth. As a result, the final stage of sintering obtained a density of
sintered Ag reaching 98%. Based on this observation, it can be deduced that from intermediate
to the final stage, the decrease in pore size indicates that the densification dominated the process.
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Figure 10. The porosity and pore size after exposure at different sintering temperature.

Polycrystalline Ag particles contain multiple grain structures resulting in multiple grain
boundaries. At the final stage of sintering, pores are entrapped mostly at the grain boundaries,
especially at the triple junctions. This microstructure suggests that pores migrate along the grain
boundaries during the particles joining and grain growth [48]. Porosity reduction is associated
with the mechanism of grain growth, in which it acts as a driving force to reduce the surface
energy [49].

The pore size and formation are dependent on the particle size and shape. A variation in particle
size and shape may also result in non-uniform pore formation. The grain growth at the initial
stage of sintering could also affect the pore formation during the final stage of sintering [50]. In
order to explain the mechanism of pore formation, a sintering model of particle is used as
illustrated in Figure 11. At the initial stage of sintering, Ag particle came into intimate contact and
necks were formed between the particles. Further increase of contact area during the
intermediate stage formed an interconnect pore, especially along the grain boundary regions. As
the sintering process continued, the interconnect pore was discontinued and formed isolated

pores. At the same time, the grains continued to grow. This stage is known as the final stage of
sintering.
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e

Figure 11. The mechanism of pore formation.

3.3 Conductivity

In order to correlate the microstructure with conductivity improvement, each of the samples
were subjected to conductivity and resistivity measurements using a hall effect instrument.
Figure 12 shows the results of conductivity and resistivity for samples at RT, 100 °C, 200 °C, 250
°C, 275 °C, and 300 °C sintering temperatures. Sample at RT, that was not subjected to external
thermal energy, had an average resistivity value of 2.5E-01 Ohm cm, which was the highest among
other samples. On the other hand, it showed an increasing trend in conductivity as the thermal
energy increases. Sample sintered at 275 °C showed an average conductivity value of 2.6E+05
S/cm, while sample that was subjected to 300 °C thermal energy showed an average conductivity
value of 5.2E+05 S/cm, which was the highest among other samples.

The improvement in conductivity and the reduction in resistivity was associated with the inter-
particles joining and networking between the Ag particles. Sample sintered at 300 °C showed the
highest Ag density and compactness, thus giving higher conductivity value. Moreover, the
reduction in porosity was found to have an effect in increasing the conductivity of the sintered
Ag sample [51].
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Figure 12. The conductivity and resistivity of sintered Ag at different sintering temperature.

4. CONCLUSION

The microstructure evolution was observed in sintered Ag samples as they make intimate contact
and further neck growth during the intermediate stage of sintering. The neck formations and
growth were associated with the reduction of surface energy that is the driving force for sintering.
Additionally, the neck growth and grain growth reduced the pore area and improved the density
of the sinter joints. In this study, the pressureless sintering process successfully formed a compact
and dense Ag joining at 300 °C. The improvement in conductivity was observed at 300 °C, giving
the value of 5.2E+05 S/cm, which was the highest among other evaluation samples.
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