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Summary

A new die bonding technique that can provide good stability despite severe thermal density is necessary

to maximize the performance of WBG devices. Considering its high heat conductivity of over 200
W(m/K) and a high melting point of 961°C, a sintered silver (s-Ag) material has been considered as a
strong die-attach material candidate for WBG devices. However, for the practical use of products, the s-
Ag die layer is commonly assessed with a thermal shocked test (TST) that evaluates material degradation
by heating and cooling. During TST, thermal and mechanical stresses are generated in the die layer because
materials with different coefficients of thermal expansion can cause thermal warpage around a bonded part.
Consequently, the die layer fractures. In achieving long-term mechanical and thermal durability, the failure

mechanism should be clarified experimentally.

This study aims to establish a packaging reliability design flow with s-Ag die assembles based on the
mechanical reliability evaluation of the s-Ag material. As shown in the figure with a blue frame, this
research covers s-Ag microstructure analysis, film mechanical property evaluation, bonding reliability
evaluation of mechanical bending test, thermal cycling test, and degradation evaluation using an original

damage parameter (DP).

Two types of s-Ag paste (NP, nanosized paste; NMP, nano-to-micro-sized paste) were used. The
sintering condition was set to 300°C for 10 min with pressure of 60 MPa. After sintering, each mean
porosity (pr) of NP and NMP was 5% and 8%, respectively. In addition, the grain size of NP was about
half of the grain size of NMP. In addition, NP has large ductility, showing plastic deformation above 100°C,
whereas NMP has little ductility. That is, a finer microstructure provides better durability of s-Ag. With
regard to the mechanical bending test, a new bending test technique, namely, nine-point bending test
(NBT), has been proposed, which provides out-of-plane deformation with s-Ag die-attached assembles
(DAAs) such as TST. In comparing NBT with TST, an experimental condition of each test was determined
on the basis of the finite element analysis calculation results with averaged accumulated von Mises plastic
strain (APS) at the s-Ag die layer as a general engineering parameter. A similar degradation ratio between
NBT and TST was obtained in scanning acoustic tomography (SAT), which indicates that mechanical

stress plays a significant role in deteriorating the s-Ag die layer during TST. However, TST with a high



APS region shows large dispersion of delamination ratio compared with NBT with the same region. Cross-
sectional microanalysis indicates that s-Ag material aging and mechanical cracking coexisted in the case
of large APS condition with TST. Finally, the DP is defined as the ratio of APS value to plastic strain value
obtained from tensile test results. The delamination ratio after 1000 cycles of TST and NBT could be
separately fitted by two linear approximation lines with “Aging case” and “non-Aging case” in a double
logarithmic graph. Molecular dynamics (MD) simulation and classical pore growth discussion indicate that a

pore can grow under only a tensile stress state at a high temperature, which would lead to the difference between

the two degradation mechanisms.
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1. Introduction
1-1.  Wide band gap semiconductor device & packaging

Power modules have been widely used for power conversion systems in many industries. The high
power density of systems is required year by year. The power modules product market split by application
is shown in Fig. 1-1 (a). Nowadays, reducing CO, emissions has been one of the most special issues for
safe ecology in the world. Especially in the automobile industry, replacing fuel vehicles with electric
vehicles (EVs) is progressing. The demand for EVs is increasing, and the power modules market in EVs
will keep increasing from 1000 million to 2500 million dollars by the 2024 year, as is shown in Fig. 1-1
(@). Therefore, many semiconductor makers have devoted their human, material, and technical resources
to realize the de facto standard power module products for dominating the big EVs market. Rohm co. Ltd.
(Japan, Kyoto) also started developing power module products in the 2010s using originally designed
silicon carbide (SiC) devices. Since they did not have the proper power module design methodology, the
Research and Development (R&D) center started to study power module design skills for providing
reliable products in 2017.

Fig. 1-1 (b) shows a representative DC to AC power inverter system for a three-phase (UVW) motor
equipped in EVs. The blue frame part represents the power module parts in this system. In power modules,
metal oxide semiconductor field effect transistors (MOS-FETSs) install, which act as a switch function by
external driver signal voltage. During the run operation of EVs, DC from the battery can be translated to
AC by switching the timing control of MOS-FET devices to supply energy to the UVW motor. When EVs
operate in braking mode, regenerative energy from the UVW motor conducts through a freewheel diode
in MOS-FETs. During the energy exchange in this system, the energy consumption is inevitably generated.
Therefore, energy management in this system should consider reliable systems. Moreover, EVs have been
demanded with high power density systems to minimize car bodies and expand interior living spaces [1].
In other words, power modules have required that can be converted into significant power even if the size

is small. Nowadays, the power module product trends show “High power density” for the EVs market.
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Fig. 1-2 depicts a representative power module product photograph and its cross-section schematic
illustration. The size of power modules depends on their voltage and current specifications. For example,
the typical size measures 62mm in length, 152 mm in width, and 10 mm in height for 1200 V /400 A, as
illustrated in Fig. 1-2 (a). Power modules are mainly equipped with the following three functions in one
packaging product, as illustrated in Fig. 1-2 (b):

1. Electric circuit

2. Thermal diffusion



3. Insulation

For the electric circuit function, semiconductor devices employ the switching part to control the current
flow from the battery, as depicted in Fig. 1-1 (b). Si devices have been widely utilized in this part. However,
nowadays, the wide bandgap semiconductor (WBG) material represented as silicon carbide (SiC) and
gallium nitride (GalN) have started adopting owing to their excellent device properties with high bandgap
energy, breakdown electric field, and saturated electron drift velocity. [3-6]. Si device’s power conversion
efficiency is reaching its theoretical material limitations. In addition, the operation temperature of Si
devices is restricted from 150 to 200°C due to a loss of switching function in devices under harsh
temperatures [2]. Therefore, Si devices cannot operate without a heavy and complicated cooling system.
By contrast, WBG devices can operate with compact cooling systems because WBG devices can attain
low energy loss but operate at high temperatures.

For thermal diffusion, copper (Cu) substrate has been one of the common materials due to its high heat
conductivity and availability. Cu substrate bonded with a ceramic plate called “DBC (Direct Bonded
Copper) substrate”” has been frequently used for thermal diffusion and insulation function. However, due
to production regulations, Cu in DBC has been generally restricted to around 0.8 mm in thickness. Two
DBC substrates are recently bonded chips not only bottom side but also top side to compensate for the
limitation of thermal diffusivity in a single DBC substrate [7-11]. Even though manufacturing double-side
bonded configuration still has difficulties from the viewpoint of production accuracies. Alternatively, a
substrate based on Cu thick lead frame with a thin-film insulation layer has been developed for enough
heat spread even in single-side cooling [12].

For insulation, high glass transformation temperature (T,) plastic material is required. When the plastic
material exceeds Tg, the coefficient of thermal expansion (CTE) and Young’s modulus of the plastic are
drastically changed, which deteriorates strength, insulation, and adhesivity. Epoxy plastic with an aromatic
ring structure possesses high T, which has been widely adopted as an insulator in power modules. Each
material is bonded together, acting as power module functions, as seen in Fig. 1-2 (b). The packaging
appearance and cross-section configuration are referred at Appendix A.

Table 1-1 lists the material characteristics of Si, SiC, and GaN. SiC and GaN have a higher band gap
and breakdown electric field values than Si. A high band gap value can reduce thermal carriers during high
temperatures operation, which enables us to operate the devices in a high-temperature environment. A high

breakdown electric field can reduce energy loss during power conversion.
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Table 1-1 Physical property of semiconductor material property.

Material Si SiC (4H) GaN

Band gap
energy 1.12 3.26 3.39
(eV)

Break down
electric field 300 2500 3300
(kV/em)




The device breakdown voltage is derived from integrating the electric field value along the epitaxial
layer depicted as a skin-colored part in Fig. 1-3. The value equals the area of the triangular portion of the
graph, as illustrated in Fig. 1-3. Since Si’s electric breakdown field strength is low, the epitaxial layer should
be set to be thickened configuration as shown in the left side of Fig. 1-3 for achieving the required
breakdown voltage. On the other hand, the electric field strength of the WBG device possesses about ten
times higher than the electric field strength of the Si device. As a result, even if the thickness of the epilayer
is 1/10 compared to the thickness of Si, the same breakdown voltage can be secured. The slope of the line
means the carrier density, which indicates that WBG material carrier density is about 100 times higher than
the Si value. Since the WBG device can maintain the same breakdown voltage as that of the Si device,
even if the WBG device epi layer is thin, the electric resistance in the epilayer can be reduced to attain low
energy loss during the power conversion. In addition, the saturated electron drift velocity of SiC and GaN
is about two times larger than Si, which can reduce switching loss energies due to high-speed switching.
By fully utilizing the WBG device’s excellent features for allowing the power module products to be safely

operated under high-temperature operation, bonding techniques surrounding chips are fundamental.
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Fig. 1-3 Electric field distribution in the depletion layer.



Fig. 1-4 depicts the thermal spread illustration from the Si and WBG material die to the cooling area
located at the substrate’s bottom. For Si, a large device size can allow low thermal density. By contrast,
due to the downsizing of semiconductor devices in SiC, the thermal density becomes more severe as the
size of the chip decreases compared with the conventional large size of Si devices. Therefore, the heat
generated from the WBG device must immediately diffuse to spread in the substrate through the die

material placed under the WBG device.

Die-material

Moderate thermal flux

Die-material

Severe thermal flux

Fig. 1-4 Thermal distribution image from the semiconductor device.



1-2. Die bonding technique overview

Fig. 1-5 shows the relationship between thermal conductivity and the bonding temperature of each
material. The solder bonding technique has been commonly utilized for semiconductor devices [13, 14].
Solders containing Sn are diffused to form an alloy with another metal (Cu, Nji, etc.) in a liquid phase under
enough temperature elevation. After cooling, the intermediate diffusion layer becomes a solid state,
followed by a bonding layer. Pb-Sn solder materials have been expected to be utilized as WBG die bonding
material owing to their high melting point, which is close to 300°C. However, in recent years, applying
Pb-free solder material (Sn-Ag-Cu system and Sn-Sb system) has changed to be the mainstream solder
material from the flow of hazardous material use restriction by RoHS directive. The melting point of the
Pb-free solder is restricted to around 220 to 250°C. On the other hand, it has been reported that high
temperature operation using WBG devices can retain electric circuit function even at 250 to 300°C [15].
The Pb-free solders are unsuitable because the solders melt and lose functions under the high-temperature
operation in WBG devices, which can not extract the excellent high-temperature characteristics from the
WBG devices. Moreover, the thermal conductivity of solders is limited to around 60 W/mK in any
composite type of materials [16, 17]. Therefore, solders could not be employed for WBG power modules
with high power density.

Alternatively, the transient liquid phase (TLP) bonding technique has developed as a potential die
bonding technique for WBG devices [18-21]. In the TLP bonding process, a complete intermetallic
compounds (IMCs) bonding can be made at low temperatures through the diffusion reaction between the
high melting point of the metal substrates such as silver (Ag) material and low-melting-point of interlayer
such as Sn-based solders. When the temperature exceeds the value of the lower temperature melting point
of the substrate, which allows that the metal diffusion with each other metal powerfully acts to form an
inter-metallic phase. The typical process temperature has been set at around 250°C under pressure assist
to reduce pores in the bonding layer. Once the TLP bonding process is completed, the alloy’s melting point
reaches the substrate’s high temperature melting point. At that point, there is no limitation for operating
with a high temperature of WBG devices. However, the IMCs layer prevents heat conductivity, reducing

equivalent thermal conductivity in the TLP layer.
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“Solid-phase diffusion bonding” has attracted so much attention as a game-changer material owing to
its excellent physical properties of high melting point and thermal conductivity. Solid phase diffusion
bonding has been known as the only process to be preserved the properties inherent in monolithic materials
in metal-to-metal joints. For establishing strong bonding, each bonded layer should be brought together
within the atomic space to make it diffuse inactively. Unfortunately, actual surfaces are never ideally
smooth within atomic scale roughness. The application of pressure can deform each metal layer in
plasticity, which increases the contact surface of the area to promote diffusion and densification of the

bonding layer. For instance, Chu-Hsuan, et al. used Ag foil with a gold (Au) sputtered layer to the alumina



substrate. The foil plays a ductile deformation during the die bonding process for quickly making Ag and
Au atoms position within atomic distance. The bonding could be attained under 260°C at a process
pressure of 6.9 MPa [22]. Katuaki Suganuma et al. proposed utilizing cold rolled Ag sheets as a new die
attach material [23]. This technique induces active diffusivity by grain refinement down to a submicron
level, which can derive enough diffusivity for intimate bonding. 300°C under the process pressure of 1
MPa was chosen for the bonding process in this study. Also, they initially developed flexible Al sheets
sputtered by a thin Ti and Ag to make good contact with any kinds of substrate’s surface. An initial die
shear strength of 33.4 MPa was achieved under 300°C [24]. However, the die layer reliability has only
been assessed by shear tests of chip die-attached assembles. The assessment was not still performed under
the practical reliability test illustrated as a practical operation in products. Above 350°C and 80 MPa
pressure is still a mainstream process condition, which is a severe condition from the production side.
Above all, solid-phase diffusion bonding through Ag or Cu nano metallic particles has been actively
studied toward the realization of WBG die attach implementation [8, 11, 25-43]. If the volume is the fixed
amount of material volume with V when sphere particle size d decreases, then the total surface area A
increases drastically in accordance with the function of 6V/d, as shown in Fig. 1-6. It is inversely
proportional to that of the particle size, which indicates the driving force for sintering is inversely
proportional to the particle diameter. When the particle size decreases at a certain level, the total surface
area drastically enhances. Consequently, the required temperature for bonding becomes lower than bulk
silver because of the large assistance of surface energy originating from the geometric property in nano-
silver as illustrated in the bottom image of Fig. 1-6. The production cost of sintered Cu (s-Cu) die material
is smaller than that of sintered Ag (s-Ag) die material [41-43]. However, the process should be
implemented under reduced atmosphere to prevent Cu oxidation and maintain a high bonding strength
value [44]. As a feature, sintered Ag (s-Ag) die bonding can be attained at low temperatures around
200~300°C [22, 24, 26, 33, 36, 45]. Moreover, the s-Ag melting point is comparable to that of bulk Ag,
961°C. The thermal conductivity has been reported that exceeds 150 W(m/K) [46-48], which is superior
to the solder’s characteristics, 60 W(m/K). The die bonding property overview is listed in Table 1-2. From
the viewpoint of the process and physical property, s-Ag die bonding is the most excellent methodology
of all bonding methodologies.
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Fig. 1-6 Low temperature s-Ag bonding mechanism.
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1-3. Sintered silver (s-Ag) characterization
Fig. 1-7 shows the typical s-Ag die bonding process. First, a paste including an Ag particle coated with
organic stabilizer is stencil printed on the substrate. Then, the organic solvent is evaporated from the Ag
paste with temperature elevation. In that process, Ag particles start to be coarsened. The figure of the dried
paste layer is still shown in particle shape, as illustrated in the middle scanning electron microscopy (SEM)
photograph of Fig. 1-7. Then, the dried paste is sintered under the temperature elevation with a specific
pressure assist. The typical process temperature is over 200°C, and the typical process pressure ranges
from 0 to 60 MPa [22, 24, 26, 33, 36, 45]. Howeyver, pores are inevitably included in the s-Ag layer to
make gas pathways for outside during the sintering process, as illustrated in the bottom SEM photograph
in Fig. 1-7. Pore influences s-Ag mechanical durability because it acts as a stress concentration area. Also,
pore prevents thermal passing due to the existence of air. Many researchers have studied the controllability
of pores with s-Ag up to date [32, 36, 46, 49-57].
Mackenzie and Schuttleworth’s model can express the Ag particle coarsening during the sintering process

as following equation:

1
%=;(£+Papplied) 1-p)|1 —a(%_ 1) /3 n (ﬁ) % (1)
Where dpydt is the densification rate, y is the surface energy, r is the Ag particle diameter, Pgppjieq is the
external pressure, p is the density, and 7 is the densification viscosity. According to the equation, increasing
the externally applied pressure can positively influence enhancing this intrinsic driving force. Increasing
the temperature reduces the densification viscosity of #, accelerating the coarsening of Ag particles. From
the viewpoint of material characteristics, decreasing the particle size can increase the total surface energy

as a driving force of densification. Typical paste diameter size ranges from nano to micro size. However,

only nano-sized Ag particle is favorable for densification.
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Fig. 1-7 Representative s-Ag die bonding procedure step.
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1-4. Thermal impedance calculation

Thermal fluid simulations were performed to seek the target packaging structure with low thermal
impedance. Fig. 1-8 shows the calculation model together with the material property used in this
calculation. The calculation model comprised a chip, substrate, water jacket, and two bonding layers. s-
Ag or solder was adopted as a bonding layer at the bottom of the chip part. The adhesive layer between
the substrate and water jacket was adopted with silicone as thermal grease. The Model configuration is

shown in Fig. 1-8 (a).

(65°C, 6L./min)
(b)
Thermal .
Material Conductivity Thickness
[W/mK] [mm]
TS~ sic 200 0.35
Bonded layer ! .
s-Ag 200
0.05
Solder 60
Thermal grease
Water Jacket Copper 400 0.5~3
Silicone 5 0.05
Al 210 -

Fig. 1-8 Thermal fluid simulation model overview of (a) Simulation model schematic image and

(b) Cross section image together with input parameter for each component.
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The model configuration parameter was set at substrate thickness ranging from 0.5 to 3 mm. An inflow
condition of 6 L/min at 65°C was set on the inlet surface of the cooling channel. The opposite surface was
set to the pressure opening condition. Heat conduction to the surroundings was ignored. 300 W of heat
was given to the whole part of the chip. Steady-state thermal analysis was performed.

Fig. 1-9 (a) shows a simulation result with thermal impedance as a function of substrate thickness in s-
Ag compared to solder die-bonded structure. Thermal impedance value is referred to the difference
between averaged chip temperature and inlet water of 65°C divided by the heat of 300 W. The thermal
impedance value is decreased by 30% with increasing the substrate thickness from 0.5 mm to 2 mm, then
the value saturates up to 3 mm in the substrate thickness. By replacing the solder layer with the s-Ag layer,

the thermal impedance value of each structure is decreased by about 10%.
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Fig. 1-9 Thermal fluid simulation results of (a) Chip to water thermal impedance as a function of
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Fig. 1-9 (b) shows the temperature distribution on the surface of the chip and substrate. In the case of a
small thickness substrate, the temperature around the chip is high due to the small heat diffusion into the
Cu substrate. By contrast, for thick substrates, the heat generated from the chip can be efficiently diffused
into the adjacent substrate as much as possible through the die-attached material.

The target structure in this study is summarized as illustrated in Fig. 1-10. Three main points follow the
adoption reason.

1. SiC chip can achieve to reduce conduction and switching energy loss during power conversion.

2. s-Ag die bonding can fully extract the SiC excellent device properties by its high heat conductivity
and melting point.

3. Athick Cu substrate with 2mm thick can spread thermal flux from the chip to the bottom side to get

low thermal impedance packaging.

Target Structure

 Sintered flver

Thick copper substrate

1. SiC chip: Low energy loss

2. s-Ag die attach: High melting point
High thermal conductivity

3. Thick Cu substrate: Excellent heat expansion

Fig. 1-10 Target packaging structure for power module products with high power density.
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1-5. Die bonding reliability evaluation

Regarding the practical use of products, s-Ag die layer is commonly assessed by a thermal shocked test
(TST), which evaluates material durability against heating and cooling between low and high temperatures
set in a heat chamber. The chamber temperature commonly varies between —40 and 150°C with a duration
time of 30 min according to the standard testing condition in automobile companies [35, 55, 58-60]. During
TST, thermal and mechanical stresses are generated in the die layer because materials with different
coefficients of thermal expansion (CTE) cause thermal warpage around a bonded part, as illustrated in the
bottom image of Fig. 1-11 [61]. In the case of the s-Ag layer, a fracture starts at the top corner of the s-Ag
layer, then the crack propagates horizontally along the substrate surface [55, 60]. After TST, the thermal
path area from the SiC chip to the substrate decreases, which makes a smaller heat dissipation area than
the heat dissipation area in the initial state. As a result, increased thermal impedance accelerates products
to failure. The lifetime of the s-Ag die layer is typically defined as the delamination area percentage of

20% after 1000 cycles in TST for not affecting the thermal impedance with worsen from an originate

thermal impedance value.
Initial After TST
ymyRyRyRyRyRyRyRyay! 0004040
Large heat dissipation area Small heat dissipation area
TST chamber
4_“:, X 1000 times
150°C = —40°C —40°C=150°C
| — -— a—
oy —

Fig. 1-11 Thermal distribution image at the initial state and after the thermal shocked test (TST)

together with out-of-plane deformation image during TST [60].

17



For a safe and reliable design of s-Ag die toward long-term durability, the thermal and mechanical
stresses on degradation should be independently understood with one another. In addition, the relation
between applied damage in the s-Ag layer and delamination ratio during thermal and mechanical cyclic
tests should be quantitatively clarified. To date, the correlation has been clarified by other researchers, as
shown in Fig. 1-12.

As for the first group, shear stress experiments were utilized for evaluating the degradation in thermal
shocked tests (TST) [24, 48, 58-60]. A shear test is designed to apply parallel stress to the DAAsS; thus, the
die layer can be experienced with a sliding failure. Therefore, the bonding strength against the shear stress
can roughly be evaluated. Generally, over 30 MPa value in shear force is a standard criterion value, which
indicates that the bonding strength showed enough strength for evaluating TSTs. This experiment uses
simple experimental units. Considering that TST assessment requires a long time, the shear test has been
conventionally adopted as a screening experiment for TST. However, the shear test is not a cyclic load test
as TST, which means unclear relation between shear test results associated with bonding strength and TST
results associated with die delamination by repeated thermal-mechanical stress.

As for the second group, the degradation assessment of the s-Ag layer during TST has been conducted
by combining numerical calculations with experiments. SiC chips were s-Ag bonded with substrates,
which were conducted by TST to check the delamination ratio as a function of cycles. The average
accumulated von Mises plastic strain (APS) at the s-Ag layer was calculated from finite element analysis
(FEA), and then the APS has been utilized for ordering the fracture driving force among performed TSTs
[31, 55,59, 61, 65-73]. In deriving APS, the s-Ag film tensile mechanical property was investigated on the
basis of the TST environmental temperature. APS can describe the plastic flowability in the s-Ag die layer,
which had a positive correlation against the delamination ratio of the s-Ag layer after TSTs. Considering
that the flow resistance difference among s-Ag layers is not included in the APS, the validity of s-Ag layer
degradation after TSTs has yet to be entirely revealed by only taking APS into s-Ag layer degradation
evaluation after TST.

As for the third group, mechanical fatigue bending tests were also utilized to evaluate s-Ag layer
degradation during TST. The mechanical bending test aims to precisely control the test mode with bending
test speed, temperature, and frequency. If the s-Ag layer delamination ratio can be associated between the
fast mechanical bending test and TST results, then the TST assessment period will be shortened. For

example, J. Heilmann et al. have developed an original three-point bending tester for applying bending
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stress to the s-Ag DAAs to understand the die failure during TST [67, 73]. The experiments at 1 Hz and
125°C showed a 20% s-Ag die layer delamination ratio after 7000 cycles, in which the cycle was about
seven times larger than the TST from —40°C to 150°C at 0.0056 Hz. That is, this three-point bending test
delamination speed per time is higher than the speed with TST. Further studies should be implemented to
obtain the same physics of failure between the bending test and TST by appropriate damage parameter
(DP). In addition, the deformation in the conventional set up was restricted to one deformation direction
with only one longitudinal direction because of the rectangular configuration of DA As, as depicted in the
bottom of Fig. 1-12.

For achieving the overall understanding of s-Ag die degradation during TST, further experiments of
TSTs and appropriate mechanical bending tests should be developed. In addition, s-Ag degradation
differences after TSTs and mechanical bending tests should be validated by the modified APS, including
plastic flow resistance among different s-Ag types. For validation, at least two types of s-Ag DA As should
be performed by TSTs and mechanical bending tests.

For TSTs, sufficient fundamental experiment result data should be performed to verify whether the
modified APS would be suitable for s-Ag die layer degradation assessments or not. Furthermore, the
degradation mode of TST should be carefully investigated from the viewpoint of microscopic structural
analysis. TSTs should be performed by multiple types of configurations and temperature variations.
Notably, s-Ag degradation should implement not only s-Ag delamination ratio evaluation but also failure
mode evaluation by cross-sectional scanning electron microscopy (SEM) observations. Cracking mode
and s-Ag microstructure differences should be carefully investigated to grasp the failure physics of s-Ag
die layer during TSTs. For mechanical bending tests, an advanced mechanical bending test is required to
provide out-of-plane deformation with s-Ag DAAs as TST like. By comparing new bending tests and
TSTs, the degradation mechanism of the s-Ag layer can be experimentally understood from thermal and

mechanical aspects.
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1-6. Scope of this study

A new die bonding technique of s-Ag has shown great application potential because of its high heat
conductivity and melting point to fully extract excellent WBG device characteristics with low energy loss
during power conversion. s-Ag die attachment with WBG devices can achieve high-power-density
products for future EV market. However, for practical use in products, s-Ag die layer degradation is
commonly assessed with TST, which evaluates material degradation between low and high temperature.
The distinct coefficients of thermal expansion (CTE) of each material causes thermal and mechanical
stresses in the s-Ag die layer, which leads to failure in the s-Ag die layer. The thermal and mechanical
stresses on degradation should be independently understood to clarify the main degradation during TST.
The new mechanical bending test should be proposed for focusing on mechanical stress dependence on s-
Ag die layer degradation. Moreover, an appropriate degradation criterion should be proposed after a
comprehensive understanding of the degradation mechanism of the s-Ag die layer based on the TST and

new mechanical bending test results.

This study aims to experimentally clarify the overall s-Ag die degradation mechanism during TST.
After achieving the objective of this thesis, the author will propose the reliability design flow of s-Ag
DAAs, which can be satisfied with the degradation criterion condition. That is, each geometric parameter
of chip, die layer, and substrate size can be properly determined for an appropriate reliable packaging

design by the requirement of TST. The Chapter flow chart is shown in Fig. 1-13.

In this thesis, in Chapter 1, the background of die-attach materials for achieving high-power-density
power module packaging is explained from device trends, die-attach trends, low thermal impedance
packaging structure, and die reliability issue. Then, the scope of this study for clarifying the s-Ag die layer

failure mechanism is stated.

In Chapter 2, s-Ag paste characterization is first introduced. Two types of s-Ag pastes (NP, nanosized
paste; NMP, nano-to-micro-sized paste) are used as a representative. Each Ag paste is analyzed by dynamic
light scattering (DLS) for Ag particle-size distributions and by Fourier transform infrared spectroscopy for
organic solvent components. Dried Ag paste and sintered Ag paste are investigated by gas chromatography
mass spectrometry (GC/MS) to clarify the protective organic component surrounding Ag particles after

each process. Then, the tensile mechanical property of the s-Ag film is investigated to obtain fundamental
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data with stress—strain (S-S) curves and clarify the s-Ag mechanical characteristics about the pore and
tensile mechanical property relations. The appropriate process condition for improving the s-Ag
mechanical property is clarified. In addition, by comparing between NP and NMP S-S curves, favorable
paste characterization for improving the mechanical property is also concluded. The fracture characteristic
differences between NP and NMP are discussed based on CCD observations for cracking behavior and

cross-sectional SEM observations for understanding the fracture mechanism with microscale.

In Chapter 3, s-Ag die layer degradation is assessed by comparing mechanical bending tests with TST.
First, a four-point bending test (FBT) at room temperature (RT) and TST are compared to determine the
decisive stress components in the s-Ag layer during TST. As for the advanced step, developed mechanical
bending test, namely, NBT, is proposed. NBT can provide out-of-plane deformation with s-Ag DAAs such
as TST. s-Ag die layer degradation is assessed by comparing NBTs (0~300 N) at 150°C with 3 min period
and TSTs (—40°C-150°C) with 60 min period. SAT and cross-sectional SEM observations are used to
assess s-Ag layer failure mode between TSTs and NBTs. Thus, new DP is proposed to obtain a
comprehensive understanding of the degradation mechanism classification for the s-Ag die layer. The DP
is defined as the conventional evaluation parameter of APS divided by the plastic strain of s-Ag material
originating from uniaxial tensile testing at the highest temperature in each condition. DP indicates the ratio
of plastic flowability to plastic resistance, which can assess the cracking propagation probability
irrespective of test type and material difference. The delamination ratio after 1000 cycles of each TST and

NBT is assessed by the DP.

In Chapter 4, the pore growth condition is explored by MD simulation to comprehensively understand
s-Ag material degradation. Classical pore growth is described to identify the aging criterion of the s-Ag
material. The DP effectiveness for separately evaluating the s-Ag degradation phenomena is discussed on
the basis of pore growth. In addition, the pore growth transition is observed by the In-situ SEM tensile
testing system for understanditing overall s-Ag die layer degradation mechanism during TST and NBT

including pore growth phenomena.

In Chapter 5, the research achievement of this study is summarized. In particular, the progress of
conventional production flow is described in accordance with the new production flow methodology.

Finally, the validation studies provide methods in achieving reliable high-power-density modules.
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2.  Sintered Silver (s-Ag) Film Mechanical property

2-1. s-Ag material

2-1-1. Introduction of s-Ag paste

Sintered silver (s-Ag) material has developed in the late 1980s using the original patent from H.
Schwazbauer in Siemens Co. Ltd., as a new die-attach material replacing solders [1-3]. In the early phase
of development in s-Ag, micron-sized Ag particle was sintered at 250°C under process pressure of 9-40
MPa as a reference process condition [4]. Micron-sized Ag filler size typically ranged less than 15 pm
mixed with an organic solvent to control their viscosity for printing well on the substrate. However, the
high die bonding strength caused by the small amount of surface energy should be addressed. In the mid-
2000s, nano Ag particle has developed to enhance the total surface energy for achieving low-temperature
bonding [5]. The diameter of Ag particle could be maintained at less than 100 nm [6]. However, Ag
nanoparticles are strongly self-sintered without their capping agents. In preventing self-sintering, nano Ag
particles are covered with a strong chemical ligament. In general, attaching a strong ligament surrounding
nano Ag particle during production is expensive. Therefore, the cost of nanoparticle Ag paste was relatively
higher than the micron-sized Ag paste cost. Similarly, the hybrid paste, which consists of micro- and
nanosized Ag particles, has been developed to coexist with the low material production cost and high
sintering performance [7]. In general, the s-Ag paste is categorized as either “Pressure” or “Pressure-less”
based on the presence or absence of applied pressure during sintering. From the view point of assembly, a
pressure-less type of s-Ag is favorable for not loading semiconductor devices. In addition, the large number
of products can be processed in only one process, which accelerates the production cycle time. On the
contrary, the densification of the s-Ag layer is low because of the insufficient diffusion of each micro-sized

Ag particle, which results in low bonding strength.

2-1-2. Nano paste (NP) and nano-micro paste (NMP)

This study adopted two commercial s-Ag pastes, as illustrated in Table 2-1. Nano paste called “NP”
viscosity ranges from 30 to 40/sec at room temperature (RT). Ag content is about 78% in NP. Nano to a
micro-sized paste called “NMP” viscosity exceeds 100/sec at RT. Ag content is about 90% in NMP. The
low-viscosity paste avoids air bubbles under paste screen printing, even if the printing thickness is high.
The optimum sintering process flow differs between NP and NMP, originating from the different amounts

of organic components. For NP, after screen printing on the substrate, the drying process to remove the
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organic solvent should be set at 140°C for 90 min. For NMP, the drying process needs to be only 70°C for
30 min. That is, the reduction amount of organic solvent during the drying process is small in NMP. After
that, both types of dried Ag paste were sintered under the optimized condition. In order to examine the NP

and NMP specifications in more detail, this study conducted several analyses, as listed in Table 2-2.

Table 2-1 NP and NMP.

Nano paste
(NP)
Photograph
Silver
content 78 90
(“0)
Paste
viscosity 30-40 Over 100
(1/sec)
1. Paste screen printing | 1. Paste screen printing
(200 um thick) (100 um thick)
Process ! }
condition 2. Dry process 2. Dry process
(140°C 90min) (70°C 30min)
! !
3. Sinter process 3. Sinter process
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Table 2-2 Analysis methodology after each process step of Ag paste, dry, and sintering.

Condition Analysis method Analysis item
Dynamic light scattering (DLS) Particle size distribution
Paste Fourier transform infrared Chemical component
spectroscopy (Organic solvent of
(FT-IR) paste)
Dry

Gas Chromatography Mass
Spectrometry
(GC/MS)

Chemical component
(Organic protective)
Sinter

The analyses were performed after each Ag paste, dry, and sinter process step. Dynamic light scattering
(DLS) measurements were performed in the paste condition to investigate Ag particle size distributions.
Fourier transform infrared spectroscopy (FI-IR) measurements were employed to reveal the chemical
component in the paste state. Gas chromatography-mass spectrum (GC/MS) analyses were employed to
reveal the organic protective component surrounding Ag particles. GC/MS measurements can reveal

whether organic components existed or not after the dry and sintering process.

2-1-3. Silver particle size distribution

Fig. 2-1 shows a schematic view of DLS methodology for clarifying inherent Ag particle size
distributions in NP and NMP. When nano to micro-sized Ag particles is dispersed in an organic solvent,
the Ag particles are freely moved to be floated by interactions against organic molecule in the paste solvent.
The motion is called “Brownian motion,” which is a specific property with the nano to micro particle
solved in the solution. The motion speed turns out to be fast with decreasing the particle size. DLS is
utilized for investigating the Ag particle distributions in the paste. When the phase-matched laser light
irradiates the paste, the laser light fluctuates according to the “Brownian motion” of the Ag particle. Since
the small particles are constantly moving in position due to Brownian motion, the intensity of light is also

constantly fluctuating as pale blue. By contrast, for large particles with slow motion, irradiated light
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fluctuated over extended period time, as illustrated in the right side of the green waveform. Finally, the
degree of fluctuation is converted by the auto correlation function to get the time and correlation function
relationship. Various numerical calculations are fitted on the autocorrelation function to obtain a diffusion
coefficient, which can clarify the particle size distributions. This study dispersed the NP and NMP paste in
the isopropyl alcohol for DLS samples. The solutions were set to the Zetasizer Nano ZS (Malvern

Panatycal), as illustrated in Fig. 2-2.
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Fig. 2-1 Paste size analysis methodology schematic view of dynamic light scattering (DLS)

methodology.
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Paste dispersed
in organic solvents

Fig. 2-2 Tester photograph together with the sample photograph.
Fig. 2-3 shows the Ag particle size distributions of NP and NMP obtained from DLS measurements.
For NP, only one sharp peak around 18nm in diameter is detected. By contrast, NMP has a broader peak

than the peak of NP, and the peak value is detected at 25, 148, and 5063 nm in diameter.

100

NP 18 nm

= =N =]
[—) (=] [—]
I 1 I

Intensity (%)

(3o
=]
1

<
I

0 - 0 00NN | T
0.1 1 10 100 1000 10000
Diameter (nm)

—
<

14
NMP 8 nm
8 -
<
z 0
'z
3 47 5063 nm
E 25 nm
2 i
0 9 - 3 se
0.1 1 10 100 1000 10000

Diameter (nm)

Fig. 2-3 Ag particle diameter distributions of NP and NMP.
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2-1-4. Organic component

FT-IR measurements were employed for exposing the chemical component in the Ag paste of NP and
NMP. Fig. 2-4 shows the schematic overview of FI-IR. Infrared spectroscopy is a spectroscopic technique
that can be utilized by light with the infrared region from 0.8 to 1000 pm. Since molecular vibration occurs
within a mid-infrared region from 2.5 to 25 pm, which is commonly adopted that molecular vibration
accompanies dipole momentum variations. When infrared rays irradiate a molecule, the individual atoms
or atomic clusters absorb energy according to their respective periods. Consequently, their absorption
appears in the spectrum after infrared rays. Since atoms have their vibrations depending on their molecule
structure, the absorption spectra analysis can clarify the chemical molecule structure in the Ag paste. NP
and NMP pastes were analyzed by an FT-IR tester (Thermo Fisher SCIENTIFIC, NicoletTM iNTM 10).
FT-IR spectrum results of NP and NMP paste are obtained as shown in Fig. 2-5. Library data in organic
material fitted the obtained spectrum. As a result, NP organic solvent component was assigned as the butyl
ether alcohol (C3HgOx: Boiling point of 188.2°C). In general, butyl ether alcohol showed high productivity
due to the polyol reductive chemical reduction way [8, 9]. NMP organic solvent was assigned as the
diethylene glycol mono butyl ether (CsHisO3: Boiling point of 230°C). Monobutyl ether, used in NMP, is

characterized as a high solvent property due to the existence of an ether group.
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Fig. 2-4 Chemical analysis overview of Fourier transform infrared spectroscopy (FT-IR).
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Fig. 2-5 FT-IR spectrum results of NP and NMP.

GC/MS analysis was employed to clarify the organic protective component with the dry state and
sintering state of NP and NMP (Shimazu, GC/MS-QP2020NX). A schematic overview is depicted in Fig.
2-6. Gas chromatography (GC) is classified for separating organic components by utilizing the difference
in absorption or distribution coefficient of gas to the stationary phase. Then, separated organic components
are utilized by the mass spectrometer. Mass spectrometer composes ionization and mass separation section.
In the ionization part, the ionizer charges the molecule to be in a gaseous state. For mass separation, ions
can be separated in a vacuum vessel by electric and magnetic fields. Since ions have an electric charge,
they are moved by the electric and magnetic fields in the vacuum. Their mass-to-charge ratio determines
the motion. Separated ions are detected by electron multipliers, which are converted into visual signals.
Mass spectroscopy is analyzed with library data to assign the chemical component. GC/MS characterizes
the quantification of organic components with high sensitivity, which can be expected to detect the signal

originating from the organic protective covered with the Ag particle.
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Fig. 2-6 Gas chromatography-mass spectrometry (GC/MS) schematic view.

Fig. 2-7 shows the GC/MS mass spectrum results of NP and NMP after the dry and sinter process,
together with the mass spectrum that can be assigned with library reference data. For NP after the dry
process, fatty acid components (Ci3sHzxO2, CisHx0, CisH302) and amid components (CjoH3z/NO,
Ci4H20,) are detected. NP included a high molecule organic protective. For NP, after the sintering process,
amid components completely disappeared. However, fatty acid components are retained. The protective
binding force in NP was high to prevent nano Ag self-sintering originating from its high surface energy.
Note that the Ag particle of NP contained only nano-size with narrow distributions, which would make
narrow pathways of organic binder escape outside during the pressure-assist sintering process.
Consequently, the organic binder remained after the sintering of NP. For NMP, after the dry process, amid
component (C¢H20s4) is detected. The molecular weight is smaller than the molecule weight in NP. For
NMP, after the sintering process, the amid component peak disappears. NMP of surface energy is lower
than the surface energy of NP because NMP consists of micro-sized Ag particles. In addition, the binder
escape pathway became significant due to the geometric characterization originating from the wide Ag
particle size distribution of NMP. Therefore, organic protection would be disappeared with ease after the

sintering of NMP. The paste analysis results summary is summarized in Table 2-3.
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Fig. 2-7 GC/MS spectrum results of NP and NMP after dry and sintering state together with mass

spectrum assignment results.
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Table 2-3 Paste analysis results summary.

25,148, and 5063 nm

Physical | . meter
property
Propylene glycol Diethylene glycol
monobutyl ether
Paste
- CHS/\O/\/\CHa
HO
C,sH;;NO (Amid)
C,sH;)0, (Fatty) CeH;;N, (Amid)
Dry :Y\/W\/\/\/\ HO O ™
Chemical film =
property High molecules Small molecules
Wt 5 E
L]
Sintered Al
film

Green chain: Organic component

Residual organic

components

No organic components
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2-2. Tensile test methodology

2-2-1. Specimen fabrication methodology

Table 2-4 Tensile tests condition overview.

No. Specimen Scope Aim
1 Pore
dependences
100 X 500 pm Favorable
(10 pm thick) sintering
condition
» Temperature
dependences
3 2 X 2 mm Paste Favorable
(60 pm thick) dependences paste

To understand the s-Ag tensile mechanical properties, three patterns of tensile tests were examined as
listed in Table 2-4. As for tests No. 1 and No.2, specimen size was adopted as 100 pm x 500 pm with ten
um in thickness. Test No.1 and No.2 results clarified the favorable sintering process condition for the s-Ag
film. Then, the tensile test specimen size was enlarged to 2 mm square with 60 pum thickness, which
accorded with the actual die layer delamination size. Ag pastes were sintered under the favorable sintering

condition determined by test No.1 to examine the paste type differences in tensile mechanical properties.
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Fig. 2-8 Specimen preparation process for tensile testing.
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The fabrication flow for making the s-Ag specimen is illustrated in Fig. 2-8. First, a paste was stencil
printed on a metal plate, as shown in Fig. 2-8 (a). This study used a 70 mm square stainless-steel plate with
0.7mm in thickness as a metal plate. Then, the organic solvent was evaporated in the heating chamber
according to the condition in Table 2-1. Finally, the dried Ag paste was sintered by temperature elevation
under the specific pressure with vertical direction via a buffer sheet to get a uniform pressure distribution
on the s-Ag die area, as shown in Fig. 2-8 (c). The buffer sheet was used as a carbon sheet (TOYO TANSO
Japan, VVF30). The buffer sheet size was 10 mm square with 0.5 mm in thickness. s-Ag film was detached
from the metal substrate as a self-standing film after sintering. The s-Ag film was formed by an ultraviolet
laser marker (KEYENCE Japan, 3-Axis UV Laser Marker MD-U1000) to fit the tensile test system used
in this study, as shown in Fig. 2-8 (d). Two types of original testers were employed. As for No.1 and 2, the
specimen consists of two parts, a freestanding s-Ag thin film, and a micromachined Si frame. The s-Ag
film specimen comprises a dog-bone shape section, two hooking holes, and two bridges supporting the
center section. The dog-bone section is divided into a parallel portion and a curvature portion. At the
boundary between the two portions, a semicircle-shaped gauge mark having a radius of 5 um was made.
The length and width of the parallel part were 500 um and 100 pum, respectively. The Si frame
micromachined by deep reactive ion etching comprises a specimen stage section, two hooking holes, four
springs, and a frame. The four springs support the one-side sample stage only, which is able to move along
the tensile direction. To precisely stretch a film specimen in the tensile direction only, each Si spring
measuring 100 pm in width and 300 pum in thickness was designed to be a leaf spring suspension
configuration whose spring constant value in the tensile direction is much smaller than that in the
transversal direction. The tensile test of a freestanding film can be prepared by combining the two parts by
glue attachment, as shown in Fig. 2-8 (d). Just before the test, the support portion of the test specimen is
cut. As for the millimeter scale specimen, the specimen was mechanically chucked by a flat plate at both
specimen sides and fastened from the backside via screw as shown in the bottom side of Fig. 2-8 (d)

depicted as two white arrows.
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2-2-2. Uniaxial tensile tester
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Fig. 2-9 Original tensile tester system with the micron-scale specimen in tests No. 1 and 2. (Left

side: Overall photograph and right side: Magnified tester of measurement part.)
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The tensile tester used for tests No.1 and 2 is shown in Fig. 2-9. The tensile tester was initially designed
to obtain thin films of mechanical properties [10]. The tester consists of the piezoelectric actuator (PI Japan,
P-843.40V) for applying tensile force, the load cell (0-2 N+0.339 mN) (Tech Gihan, DGRV10-2N) for
tensile force measurement, the micro heater (Hakko Electric Machine Works Co. Ltd., HLK1151) for
temperature control, and CCD camera is utilized for specimen elongation measurement. The system
memorizes a semicircular gauge mark on a film specimen, and then the position of the two gauge marks
on the tensile axis is measured during the tensile test, as is shown in the top right photograph in Fig. 2-9.
The distance between the two marks and the displacement at the time is obtained from the difference in
coordinates between the two marks. The optical resolution of the system is calculated to be around 100
nm/pixel. By using a subpixel algorism, the resolution can take a small value of approximately 15 nm/pixel.
The actuator can apply a tensile load to the thin film through a lever-like displacement expanding
mechanism (amplification factor of 3~7). When a tensile force is applied to the specimen, both the film
and four springs deform. Consequently, a force value measured using a load cell is the sum of applied force
to both two elements. To measure the applied force to the specimen, a tensile test was performed twice to
obtain the specimen’s force-displacement relation, as shown in the right bottom schematic image of the
force-displacement relation during tensile testing in Fig. 2-9. The measured force value includes a force
applied to a film and Si springs. After the film rupture, the same program runs to measure a force applied
to Si springs only. Lastly, the force applied to the film is only obtained by subtracting the second signal
from the first. To employ the combination of a thin film and Si substrate, a thin film can be easily handled

until just before the test, which is one of the advantages of this method presented.
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Fig. 2-10 shows photographs of the tensile testing system (SUNYOU, ML1000-HS) for test No.3. This
system comprises a linear actuator, CCD camera, load cell, laptop computer installed imaging software,
and temperature controller. The fabricated specimen is mechanically chucked, as depicted in the
photograph of the test chamber unit. The attached specimen is moved according to the white arrow line
during the tensile test, as depicted in Fig. 2-10 by the linear actuator motion. The motion is controlled by
the external software installed on the laptop. The load cell (0-500 N+-62.5 mN) measures the applied force
to the specimen during tests. Specimen elongation is directly captured by the CCD camera, where placed
above the specimen to take an image analysis by the imaging software. The image resolution is 0.5
um/pixel. The test chamber atmosphere can be replaced by nitrogen to prevent the oxidation of the
specimen. The atmosphere temperature in the test chamber can be controlled from -5 to 175°C. For
thermal saturation, the tensile testing was performed after 120 min when the chamber atmosphere reached

the target temperature.
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Fig. 2-10 Original tensile tester system with the millimeter-scale specimen in test No. 3.

48



2-3. Pressure dependences on tensile mechanical property of s-Ag film

Table 2-5 Test No.1 condition.

Sample Material Sintering process
(a) 300 °C 10 min 60MPa
(b) 300 °C 10 min 30MPa

NP s-Ag
(c) 300 °C 10 min 10MPa
(d) 300 °C 10 min 5 MPa
(e) Bulk Ag -

This section describes test No.1 results for seeking the appropriate sintering process pressure with a
suitable tensile mechanical property of the s-Ag film. The test condition is listed in Table 2-5. The NP was
sintered by four levels of process pressure with 5, 10, 30, and 60 MPa at 300°C for 10 min. To quantify
each porous structure of s-Ag specimen, pr was defined as the ratio of the pore area to the observation area.
The pore area was determined by the binarization image analysis results of each layer. A bulk Ag specimen
was also prepared as a reference material to discuss the influence of pores on the s-Ag specimen of the
mechanical characteristic. The bulk Ag sheet’s purity and mean grain size are 99.99% and 0.8 pm,
respectively. The tensile tests were performed under room temperature (RT) at the strain speed of 10 /sec,

equal to the strain speed with the thermal shock test in the Lv324 standard [11].

2-3-1. Microstructure

The focused ion beam (FIB) technique (Hitachi High-Technology, SMI3050) was utilized to expose the
cross-section of the s-Ag specimens. The FIB acceleration voltage and beam current were 30 kV and 2400
PA, respectively. A scanning electron microscopy (SEM) tester (Hitachi High-Technology, S-4800) was
used to confirm the s-Ag microstructure. The electron acceleration voltage of 1.5 kV and a magnification

rate of 5000 times were used in this observation.
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Fig. 2-11 Cross-section SEM images with varying process pressure of (a) 60 MPa, (b) 30 MPa, (c)
10 MPa, and (d) 5 MPa [12].

Fig. 2-11 shows the cross-section SEM images of s-Ag films with varying process pressure from 5 to
60 MPa. The observation window was set to 4 pm X 20 pum. The pores in specimens 10 MPa and 5 MPa
pressure are not round and have a peanut-shell form, whereas the pores in samples 60 MPa and 30 MPa
pressure are close to the sphere figure, showing a discrete distribution. The pr is controlled according to

the applied pressure value, which ranges from 25 to 5%, with increased pressure from 5 to 60 MPa.
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2-3-2. Stress-strain curve
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Fig. 2-12 S-S curves for each material [12]. (Red: 60 MPa s-Ag. Orange: 30 MPa s-Ag. Dark blue:
10 MPa s-Ag. Light blue: S MPa s-Ag. Black: Bulk Ag.)

Fig. 2-12 shows the measured stress-strain (S-S) curves of 60, 30, 10, and 5 MPa with s-Ag and bulk
Ag. Color differences are indicative of material differences. The S-S curve of bulk Ag typifies the
mechanical property of a metal, exhibiting a clear yielding point (around 150 MPa), and shows a plateau
region before the necking region. On the other hand, S-S curves of s-Ag exhibit no yielding point and
plateau region regardless of process pressure. Tensile strength increased with increasing pressure. The
value reaches 330 MPa for 30 MPa s-Ag and 370 MPa for 60 MPa s-Ag. These values correspond to about
twice that of bulk Ag. A little sublinear region is found in the S-S curves of high-pressed s-Ag specimens
with 30 and 60 MPa. The fracture strain remains at about 1.2% even in the 60 MPa s-Ag specimen, which
indicates that the s-Ag is a "High strength but brittle" characteristic even under the high press condition.
The tensile strength of 10 MPa s-Ag is almost identical to that of bulk Ag. The tensile strength of 5 MPa
s-Ag shows about 110 MPa, about 65% of that of bulk Ag.
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Fig. 2-13 (A) Apparent Young’s modulus (B) Ultimate tensile strength and (C) Breaking strain as
a function of pr. The red, orange, dark-blue, and pale-blue dots denote the data for s-Ag specimens

of (a), (b), (c) and (d), respectively. The black dot denotes the data for bulk Ag specimen of (e) [12].
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Apparent Young’s modulus (E), breaking strain (BS), and ultimate tensile strength (UTS) were extracted
from the obtained S-S curves as a function of pr as depicted in Fig. 2-13. The plot color differences are
identical to those of Fig. 2-12. Note that the data of bulk Ag is plotted at p = 0% in the graphs. For E, as
shown in Fig. 2-13 (A), bulk Ag exhibits around 60 GPa. Then, the E value negatively correlates with pr
at the decreasing rate of approximately 1GPa/pr (%) in all plots. This tendency indicates that increasing pr
deformed with ease against applied tensile stress. For UTS, the value also negatively correlates with pr, as
shown in Fig. 2-13 (B), except for the bulk Ag specimen. The decreasing rate of UTS against pr shows
around 10 MPa/pr (%) in s-Ag plots. For BS, as shown in Fig. 2-13 (C), the value negatively correlates
with pr at the decreasing rate of approximately 0.08%/pr (%) in all plots. Augmented ultimate tensile
strength and smaller breaking strain occur at p = 6~14%. These results prove that over 30 MPa pressure

of s-Ag is desirable for reducing pr and improving mechanical stress durability.

2-3-3. Fractography

Fig. 2-14 shows a representative SEM fractography after tensile tests of s-Ag specimens. High-pressure
s-Ag specimens show several dimple-like protrusions, such as whiskers, as is seen in Fig. 2-14 (a) and (b).
This morphology can be explained by the fact that the high-pressure samples of 30 MPa and 60 MPa
showed a nonlinear behavior of about 0.2~0.3% just before the fracture. On the contrary, low-pressure s-
Ag specimens show particle aggregation, as is seen in Fig. 2-14 (c) and (d). This tendency indicates that
the nano-Ag particles were sintered by contacting each other only at the local part of the surface under low
pressure, as indicated by white arrows. That agrees with the tensile test result, broken under the low
mechanical force load. Sintering under the condition of a high-pressure atmosphere in the possible range
was indispensable to making the s-Ag film with the excellent mechanical property. In this study, s-Ag is
decided to fabricate under 300°C for ten minutes at 60 MPa. A 60 MPa pressure is higher than practically
used pressure values [13]. Such high pressure might provide unwanted brittle fracture with a die. Provided
that the die fracture does not happen, a low porosity is obtained from the high-pressure process, which
gives rise to produce stabilized s-Ag die attached assembles. That is necessary for investigating the
degradation mechanism under various thermal and mechanical conditions described later. Therefore, the

author chose 60 MPa as a sintering pressure here.
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(a) 60MPa ( pr: 5%)

Fig. 2-14 SEM images of the fractured surface in s-Ag specimens after tensile tests with (a) 60
MPa, (b) 30 MPa, (c) 10MPa, and (d) 5 MPa [12].
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2-4. Temperature dependences on tensile mechanical properties of s-Ag
film
Table 2-6 Test No.2 condition.

Material Process Temperature (°C) Strain speed (s1)
300 °C
NP s-Ag 10 min RT, 60, 80, 120, and 150 °C
60 MPa 1 x 104
Bulk Ag - RT, 60, and 120 °C

As for the next step, temperature dependences on s-Ag mechanical characteristics were investigated to
get fundamental data for designing the WBG power modules, as listed in Table 2-6. The specimen
configuration, tester, and test motion conditions are identical to those used in sections 2-3. The test
temperature varied from RT to 150°C. The NP was sintered under applied 60 MPa pressure with 300°C
for 10 min. A bulk Ag specimen was also prepared to investigate the pore influences on the mechanical

properties.

2-4-1. Stress-strain curve

Fig. 2-15 (a) shows representative S-S curves of s-Ag at a temperature ranging from RT to 150°C. Color
differences are indicative of measurement temperature differences. The S-S curve of s-Ag at RT shows
almost linear until failure, which indicates that the specimen fractured in a brittle manner during elastic
deformation, as stated in section 2.3. With temperature elevation, a non-linear region can be found. At
60°C, S-S curves show a sublinear curve yielded around 200 MPa. Then, the sublinear region could be
seen by a strain of a few% just before fracture, which is considered a plastic deformation region. At 80°C,
the S-S curve characteristic shows almost the same tendency as the 60°C in that the curve showed a non-
linear region before fracture. The yield stress of 80°C decreases compared to the yield stress at 60°C. At
120°C, the S-S curve shows a plateau region around 10% before fracture. That is, the specimen is wholly
fractured in ductile. Dislocation slip motion accompanied by plastic deformation mainly occurred. At
150°C, the S-S curve also shows a plateau region around 5% before fracture. The S-S curves of s-Ag
indicate that the apparent brittle-ductile transition of s-Ag existed at around 80-120°C.

Fig. 2-15 (b) shows the bulk Ag representative S-S curves for RT, 60°C, and 120°C. All the S-S curves
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of bulk Ag indicate ductile behaviors that possessed necking region and large plastic region irrespective of

the temperature ranging from RT to 120°C. The plateau region increases with increasing temperature. The

tensile strength is almost constant irrespective of the RT to 120°C.
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Fig. 2-15 S-S curves for each temperature with (a) s-Ag and (b) bulk Ag [14].
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Fig. 2-16 (a) E, (b) UTS, and (c) BS as a function of temperature [14].
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Fig. 2-16 depicts the obtained mechanical properties ((a) E, (b) UTS, and (c) BS) as a function of
temperature. The circle plots are indicative of s-Ag, and the square plots are indicative of bulk Ag. Color
differences indicate measurement temperature, which is the same as the definition in Fig. 2-15. The E of
s-Ag and bulk-Ag negatively correlates with temperature. The mean value of s-Ag at RT shows about 45
GPa, 27% lower than the bulk Ag value. Regarding the temperature dependences on the E, the decreasing
rate of E against temperature for s-Ag is similar to that for bulk Ag. The s-Ag UTS value at RT was 370
MPa, which is approximately 2.3 times higher than the bulk Ag value. The average grain size of bulk Ag
and s-Ag is 0.8 um and 0.1 pm, respectively. It has been known that grain size difference influenced the
mechanical characteristics of Ag film based on the Hall-Petch law [15, 16]. The results were reasonable in
that the UTS of s-Ag was higher than that of bulk Ag because the s-Ag crystal size was smaller than the
bulk silver’s crystal size. The s-Ag UTS value rapidly and linearly decreases with increasing temperature.
On the other hand, that of bulk-Ag slightly decreases with increasing temperature. The temperature
dependence on UTS for bulk-Ag is similar to the previous study [17]. The UTS value of s-Ag and bulk
Ag overlap at around 120°C. The temperature dependency on BS for s-Ag shows a trend similar to that
for bulk Ag in that the BS value positively correlates with increasing the temperature. BS value of s-Ag

rises drastically when the temperature increases from 80 to 120°C compared to the bulk Ag results.
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2-4-2. Fractography

@ : RT

‘_...,_'r —-‘—-\4-

Fig. 2-17 (a—c) Representative SEM images of bulk Ag fracture surface after tensile tests at RT,
60°C, and 120°C. (a’—’) Enlarged SEM images of each area denoted by white square shown in (a—
c) [14].

Fig. 2-17 (a—) shows representative SEM images of the fracture surface for bulk Ag and with the
magnified images of (a’—c’) after the tensile tests at RT, 60°C, and 120°C, respectively. The fracture surface
at RT has a prominent protrusion at the middle of the specimen, which indicates that the specimen fractured
ductile after necking deformation during tensile loading. Irrespective of temperature elevation, the entire
fracture surface morphology is unchanged, although the number of small concave points on the surface
increases with temperature elevation. All the bulk Ag specimens fractured plastically within the evaluated

temperature range.
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Fig. 2-18 Representative SEM images of the s-Ag fracture surface together with the magnified
images after tensile tests at (a) RT, (b) 60°C, and (c) 120°C [14].

On the other hand, s-Ag specimens show a different trend in fracture with bulk Ag specimens, as shown
in Fig. 2-18 (a—c), indicating the representative fracture surfaces after the tests at RT, 60°C, and 120°C. At
RT, the fracture surface shows many concaves, and dimples are appeared by locally ductile deformation
that can be seen on the fractured surface. Even with increasing temperature to 60°C, no remarkable change
is found. The fractured surface at 120°C completely differed from those at RT and 60°C. A convex-
concave pattern, like an aggregation of grains, can be found in the front view of the fractured surface.
However, in the magnified image of the side view, the fractured surface consists of many sharpened
protrusions facing the tensile direction, as depicted in a dashed circle in the right bottom image in Fig. 2-
18. The s-Ag specimen contains many Ag nanoparticles, having a higher surface area-to-volume ratio,
which provides high surface energy, leading to high binding energy between s-Ag grains. Therefore, only
very local plastic deformation inside grains would have happened at low temperatures because of the
strengthened grain boundary. A small dimple pattern for each grain would have been produced on the

whole fractured surface. Consequently, strengthened specimens would have shown a brittle-like fracture.
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By contrast, at high temperatures, since the flow ability of each Ag grain increased, an enormous plastic
strain would have been obtained. These facts suggested that s-Ag was deformable in plasticity at high
temperatures, like soft metal mechanical property. When operating at a high temperature with WBG
devices, the s-Ag die can be deformed by increasing the plastic deformation before cracking, which means
that the fracture does not suddenly occur in a brittle manner. That is, the reliability design can be expected

to construct based on the fracture in ductile.
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2-5. NP and NMP tensile mechanical properties of s-Ag film
Table 2-7 Test No.3 condition.

Material | Process Temperature (°C) Strain speed (s1)

NP s-Ag 300 °C
10 min RT, 100, and 150 °C 2.5 x 10
NMP s-Ag | 60 MPa

Two representative types of commercial paste (NP and NMP) s-Ag at 300°C for 10 min under 60 MPa
pressure were employed to investigate the relation between paste trait and these tensile mechanical

properties. The experimental condition of test No. 3 is listed in Table 2-7.

2-5-1. Microstructure

Fig. 2-19 shows cross-section SEM images of backscattered electron detection with NP and NMP
specimens after the sintering process under 60 MPa and 300°C for 10 min. Detailed cross-section
treatment is described in Appendix B. Upper and lower side images for each material indicate
representative observation results under low and high magnifications, respectively. The image contrast in
the high magnification image reflects the crystallinity difference, which equals the grain boundary in the
s-Ag layer. Small and spherical shape pores are distributed in the NP specimen, which diameter is around
150 nm at the largest. By contrast, although spherical pores are also found, NMP has large pores and
irregular shapes, which might have been made by merging several pores into one. The mean value of pr
for NP and NMPis 5% and 8%, respectively. The mean pore size value for NP and NMPis 0.014 pm? and
0.049 pm?, respectively. The mean value of crystal size for NP and NMP is 0.085 pum?” and 0.16 um?,
respectively. The pore shape parameter (psf) is introduced here to characterize each pore shape. The

parameter has been described by Anselmetti et al. [18]. The psf was expressed as the following equation:

P
C 2+mA

where P is the pore perimeter [um] A is the pore area [um?]. The psf parameter means dimensionless

psf (2)

parameter. The mean psf value was 1.22 in NP and 1.39 in NMP. Each parameter was evaluated by image

processing as described in Appendix C.
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Fig. 2-19 Cross-section SEM observation results of NP and NMP.
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2-5-2. Stress-strain curve

Fig. 2-20 shows representative S-S curves for NP and NMP at RT, 100°C, and 150°C. The blue and
green colors of plots in S-S curves are indicative of NP and NMP, respectively. Temperature differences
accord with the darkness of the color. The dark color means the low-temperature results. For S-S curves at
RT, both NP and NMP exhibit no clear yielding point, which indicates that specimens fractured in a brittle
manner. The tendency well accords with the previous research results [12, 14, 17, 19-24]. BS value is
around 1% in both NP and NMP. The UTS of the NP specimen shows around 300 MPa, which is 1.5 times
higher than the value in NMP. NP and NMP UTS values are superior to the bulk Ag value of around 150
MPa [17]. That comes from the crystal size difference between bulk Ag and s-Ag. According to the Hall-
Petch relations [25, 26], the UTS increased with decreasing the crystal size due to the suppression of
dislocation motion within the delicate grain boundary area. In the case of s-Ag with NP and NMP, the
mean crystal size was smaller than the bulk annealed Ag crystal size [27], which enhanced the UTS value.

At 100°C for NP, the S-S curve exhibits a nonlinear region where the plateau region can be seen from
the nominal strain value at around 2%. That means plastic deformation with dislocation slop becomes
active. In addition, the little necking region is seen to be a failure. UTS shows around 90 MPa, which value
is about 1/3 value of the RT value of UTS. The BS value at 100°C is about ten times higher than the value
in RT. The mechanical property completely changes from brittle to ductile for NP specimens at 100°C.
The tendency is well accorded that brittle-ductile transition temperature showed around 100°C in the case
for small pr of s-Ag specimen [14, 23, 28]. By contrast, the NMP S-S curve measured at 100°C does not
show a broad plateau region as was seen in NP at 100°C. The nominal strain of a few% sees the region
before the fracture of the specimen.

At 150°C for NP, the S-S curve also exhibits a non-linear curve as was obtained in the S-S curve at
100°C in NP. Furthermore, the plateau region increases with increasing the measurement temperature from
100 to 150°C. After the plateau region, the necking behavior appeared to be a complete failure. The UTS
value is 30% decreased from the value in NP with 100°C. By contrast, the BS value decreases about 40%
lower than the BS value at 100°C. The ductile deformation with dislocation motion started at lower stress
with increasing the measurement temperature. For NMP at 150°C, the S-S curve firstly shows an apparent
non-linear relation as NP S-S graphs at 100 and 150°C. However, the NMP plateau region at 150°C is still
lower than the NP plateau region at 100 and 150°C. The UTS value of NMP at 150°C is slightly higher
than that of NP at 150°C.
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Fig. 2-20 S-S curves for NP (blue colors) and NMP (green colors).
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Fig. 2-21 (a) Young’s Modulus: E (b) Ultimate tensile strength: UTS (c) Breaking strain: BS.
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Fig. 2-21 shows the mechanical properties derived from Fig. 2-20 with (a) E, (b) UTS, and (c) BS at
each temperature tested. The mean value of NP and NMP at RT shows about 45GPa, which decreased
with increasing the temperature at an approximate rate of 0.35 GPa/°C. For UTS, the value differences
between NP and NMP show high value only at RT. UTS value in NP at RT shows 300 MPa, 1.5 times
higher than the UTS value in NMP at RT. The UTS values of NP and NMP show around 100 MPa at
100°C and 55 MPa at 150°C, respectively. For BS, only RT results show around 1%, similar between NP
and NMP. At 100°C, the NP BS value shows around 10%, which increases about ten times high in
comparison with the value of NP at RT. By contrast, the NMP BS value shows around 2%, which is five
times smaller than the value of NP at 100°C. At 150°C, the BS value in NP increases by around 25%. The
BS value in NMP also increases at around 10%, similar to the NP's value at 100°C.

Fig. 2-22 shows the mechanical properties of (a) E, (b) UTS, and (c) BS as a function of microstructure
parameters such as pore size, crystal size, pr, and psffor NP and NMP. The plot color definition is identical
to that in Fig. 2-20 and Fig. 2-21. As depicted in Fig. 2-22, the thick arrow means that the microstructure
parameter affected the mechanical properties. All microstructure parameters for NMP show larger than
those for NP. For E, the microstructure parameters do not affect the E value irrespective of tested
temperature, as shown in Fig. 2-22 (a). For UTS, as shown in Fig. 2-22 (b), the microstructure parameters
negatively affect the UTS only in the RT case that showed a brittle fracture. The microstructure parameter
does not influence the UTS at 100°C and 150°C, which showed a ductile fracture. That is, dislocation
motion was activated by almost identical applied stress irrespective of microstructure parameter
differences between NP and NMP. By contrast, the microstructure parameter’s influence on BS contradicts
UTS, as shown in Fig. 2-22 (c). The BS values at 100°C and 150°C show a negative correlation against
microstructure parameters, whereas the BS value at RT shows almost the same value irrespective of
microstructure parameters. Microstructure parameters influence UTS at RT regarding the brittle fracture
strength and BS at 100°C and 150°C regarding plastic deformation strength. For each case, a small value

of microstructure parameters affected well on the improvement of mechanical properties of UTS and BS.
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Finite element analysis (FEA) was conducted to explore an appropriate reason that the microstructure
influenced mechanical properties, using commercial software, ANSYS 19.0. The von. Mises strain
distributions in the NP and NMP are presented in Fig. 2-23. The simulation model was made considering
the pore state differences between NP and NMP based on the SEM photographs, as depicted in Fig. 2-19,
which were fabricated via image processing software (Synopsys, Simpleware). The model was adopted
as a two-dimensional (2D) model because the pr value in 2D observation matched the pr value in three-
dimensional (3D) observation according to the previous study [29]. The left axis was fastened, then the
other side was applied by tensile strain at 1%, and the temperature was set to 150°C as a boundary
condition in this calculation. Strain intensity area in NP uniformly distributes in the layer due to the small-
sized pore existence. The high strain level exceeding 0.02 only distributes surrounding the small-sized pore,
as shown in NP strain distribution results in Fig. 2-23. Then, the NP specimen largely deformed with
plasticity in total during the tensile test. By contrast, in NMP, high strain intensity exceeding 0.02
distributes surrounding the large-sized pore, which gives rise to local large plastic strain deformation in the
layer. Consequently, NMP was considered to be fractured without total significant elongation with
plasticity during the tensile test. It can be concluded that minute microstructure in s-Ag can provide better

durability against the applied stress.

0.01 0.015 0.02

[von. Mises strain]

Fig. 2-23 Strain distribution results from FEA with NP and NMP during tensile tests.
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2-5-3. Crack propagation & fractography

Crack propagation observations during each tensile test were conducted by a CCD camera above the
specimen surface, as shown in Fig. 2-10. Fig. 2-24 shows the CCD photographs after the tensile test at RT
in (a) NP and (b) NMP. For NP, the cracking direction is almost orthogonal to the force direction, and the
fracture points are within the gauge mark of the specimen's stress intensity area. Pure brittle material has
been known to fracture orthogonal to the stress direction [30]. That was, NP specimen fractured in a brittle
manner. The cracking direction shows a zigzag wave with NMP at RT. The cracking position is outside
the gauge mark area, indicating that pores in the NMP specimen acted strongly as a source of stress

concentration.

(a) NP (RT) (b) NMP (RT)

Imm Imm

Fig. 2-24 CCD photographs of s-Ag specimen surface during the tensile test at RT of (a) NP and
(b) NMP.
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Fig. 2-25 shows the CCD photographs after the tensile test at 100°C in (a) NP and (b) NMP. For NP, a
time gap between crack initiation time and fracture time exists. After 1120 sec, one crack emerges at the
bottom edge of the specimen. That means the specimen released the internal energy to form a new surface
after the end of dislocation motions. Then, the crack pathway changes to be slightly inclined from the
vertical direction at 1250 sec. After that, the crack keeps progressing almost vertically up to 1348 sec. For
NMP, the multiple fracture initiation points simultaneously emerge in a vertical line depicted as three
arrows in Fig. 2-25 (b) at 402 sec. After that, each crack propagation is merged within a few seconds to be
a complete failure in the specimen. NMP specimen has a small crack propagation resistance compared to

the crack resistance in NP.

(a) NP (100°C)
1120 sec 1170 sec 1200 sec

1348 sec 1300 sec 1250 sec

(b) NMP (100°C)
402 sec 403 sec 406 sec

1 mm

Fig. 2-25 CCD photographs of s-Ag specimen surface during the tensile test at 100°C of (a) NP
and (b) NMP.
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Fig. 2-26 (a) shows the CCD observation results of NP at 150°C. After 1409 sec, two micro-cracks
generate at the top edge portion of the specimen. After from 1409 to 1551 sec, two small cracks propagate
to the vertical direction. After 1551 sec, a new crack indexed as No. 1°, located at the nearest from the end
of crack No. 1, emerges. Then, the relation between the new small crack merged with the main crack
continued from 1620 to 2269 sec. Nucleation of many cracks has been known that the fracture was
accompanied by large plastic deformation [31, 32]. NP fractured with large plastic deformation at 150°C.

Fig. 2-26 (b) shows the CCD observation results for NMP with 150°C. The stress concentration still
strongly acts as a crack initiation point regardless of the temperature. After 486 sec, two crack initiations
emerge at the inner part of the specimen, not showing the edge portion. Then, the new crack indexed as 2’
emerges near the tip of crack 2. Each crack is merged from 507 sec to 748 sec to failure with complete.
Finally, the main crack propagates to be a complete failure in the specimen. In the NMP specimen, the
crack initiation area shows the edge portion and inner area. The crack merging speed is faster than the

merging speed in the NP specimen at 150°C, which resulted in the fast failure.
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Fig. 2-26 CCD photographs of s-Ag specimen surface during the tensile test at 150°C of (a) NP
and (b) NMP.

72



Crack propatgation length (mm)

Crack propagation length (mm)

2.5

(a) 100°C
5 . NP
/0.008 mm/sec
1.5 - hd
o
1 1 o
®
g
0.5 - ®
o
0 . T T ", T T
0 500 1000 1500 2000 2500
Time (sec)
2.5
(b) 150°C
2 _
1.5 -
NP
EEE B | |
1 u
| |
u
= AA A °
- A
0.5 . ®
yuv ’»* o P24 4 o
0 = T T
0 500 1000 1500 2000 2500
Time (sec)

NP and NMP.

73

Fig. 2-27 Crack length during the tensile test as a function of time at (a) 100°C and (b) 150°C for

Fig. 2-27 shows the crack propagation length versus time at (a) 100°C and (b) 150°C for NP and NMP.
Crack propagation length was defined by the vertical length of the crack as taken from the CCD
observation results. The definition of plot color is identical to those in Fig. 2-20, Fig. 2-21, and Fig. 2-22.
The figure style differences in NP plots indicate four cracks observed in the CCD images as, shown in Fig.
2-26. For 100°C, crack propagation starts at 402 sec in NMP and 1075 sec in NP. That is, the dislocation

slip motion in NP was more active than the dislocation motion in NMP. Consequently, extensive plastic



deformation could be seen in NP. After that, the crack propagation shows at a constant speed in both NP
and NMP. The crack propagation speed in NMP is about 0.5 (mm/sec), which is about 70 times faster than
the crack propagation speed in NP at 100°C. For 150°C, crack propagation starts propagating from 1480
sec in NP and 500 sec in NMP. Each time value at 150°C is more significant than at 100°C, indicating that
dislocation mobility increased with the test temperature [32]. For NMP, only one major crack progresses
up to failure. The propagation speed shows constant at 0.01 (mm/sec) at 150°C. The speed is 50 times
slower than the value at 100°C, almost equal to the NP value at 100°C. By contrast, NP shows a different
trend for each five because multiple cracks were captured during the tensile test. Note that each plot shows
non-linear relation against the time, meaning multiple cracks would make nonuniform stress distribution

from the interaction between adjacent cracks.
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Fig. 2-28 Representative SEM images of s-Ag fracture surface at RT, 100°C, and 150°C for NP
and NMP.

Fig. 2-28 shows representative SEM observation results of fracture surface for NP and NMP at RT,
100°C, and 150°C. For NP and NMP at RT, some dimple patterns are observed. A small dimple size in NP
is uniformly distributed, originating from the NP's initial microstructure. By contrast, NMP dimple size is
nonuniformly distributed from nano to micro size, originating from the NMP microstructure. For NP and
NMP at 100°C, the fracture surfaces differ entirely from those at RT in the point that dimples disappeared,
but a convex-concave pattern like an aggregation of grains can be observed. In addition, individual grain
figures show some protrusion portions around the grain, which indicates that the local plastic deformation

occurred with individual Ag grains. For NP and NMP at 150°C, the protrusion portions of Ag grains
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become clear. That is, individual plastic deformation was accelerated by increasing the temperature. It was
clarified that the crack has progressed along with the grain boundary at higher temperatures, originating

from the Ag grain’s plastic deformation.
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2-6. Conclusion

Two types of Ag paste, namely, NP and NMP, were used to investigate the relationship between the
microstructure and mechanical properties. NP included Ag particles with 18 nm in mean diameter, and
NMP included three types of Ag particles with a mean diameter of 25, 148, and 5063 nm by DLS
measurements. The organic components in NP consisted of high molecules, whereas NMP consisted of
low molecules clarified by GC/MS measurements. The high molecules of the organic protective in NP
were adopted to prevent the high self-aggregation of nanosized Ag particles containing NP.

The s-Ag film tensile mechanical properties were investigated by quasistatic tensile testing at RT to
150°C. Reducing pr around 5% could be achieved by pressure-assist sintering with 60 MPa for 10 min at
300°C. The tensile mechanical property showed good results under this condition. The temperature
dependence on the s-Ag tensile property indicated that brittle-to-ductile mechanical property transition
occurred at around 100°C. The large plasticity deformation in s-Ag specimen at above 100°C can avoid
sudden fractures.

NP and NMP tensile mechanical properties were investigated to check the paste-type dependence on
tensile mechanical properties. SEM cross-sectional surface images of the NP and NMP after sintering at
60 MPa for 10 min at 300°C revealed that small and spherical pores were distributed in NP. In contrast,
relatively large pores with an irregular shape were distributed in NMP. In addition, NP possessed a more
miniature structure than NMP. In the S-S curves, NP and NMP specimens were found to fracture in a brittle
manner at RT. At elevated temperatures, the NP specimen showed a large plateau region in its S-S curve,
indicating large plastic deformation at 100°C. The NMP specimen showed the same tendency at 150°C.
Plastic deformation in NMP specimen was smaller than that in the NP specimen. From the viewpoint of
the strain concentration area obtained from FEA analysis results, NMP possessed a large strain
concentration area surrounding large pores, which led to local plastic deformation. Consequently, the NMP
total deformation was restricted to failure. Therefore, suppressing the microstructure parameter will
positively affect the long material durability of film specimens. Based on crack propagation observations
by CCD images from the above side of the specimen surface, cracking progressed in a zigzag way from
multiple initiations measured at the elevated temperature, which is characterized as ductile mechanical
properties. In addition, cross-sectional fracture SEM observations demonstrated that individual Ag grains
stretched with a protrusion at high temperatures, which also indicated that s-Ag specimen deformed with

plasticity at high temperatures.
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3.  Sintered Silver Die Bonding Reliability

The s-Ag die degradation is commonly assessed by thermal shocked test (TST), which evaluates
material’s durability against a heating/cooling cycle as introduced in Chapter 1. Materials with different
CTE promote thermal out-of-plane deformation surrounding the bonding part, which deteriorate the s-Ag
die part by repeated thermal and mechanical stress during TST [1]. The degradation progress during TST
has been attributed to the APS distribution in the die layer. In the case of the combination of SiC and Cu
bonded with s-Ag, the s-Ag die bonded layer starts to shrink, causing cracks at the edge between s-Ag and
SiC. In general, the lifetime of the s-Ag die layer is defined as the delamination percentage of 20% after
1000 cycles in TST [2-4]. If the s-Ag die layer degradation during TST is independently clarified from the
aspects of thermal and mechanical stress, then the decisive degradation factor can be focused during TST.
In this Chapter, TST and four point bending test (FBT) at RT are compared to check the applied stress
direction effect on the s-Ag die layer cracking progress during TST. Then, the developed mechanical
bending test, namely, NBT, is proposed. NBT can provide similar out-of-plane deformation with the s-Ag
DAAs as TST like. In addition, NBT can operate at high temperature (150°C). s-Ag die layer degradation
is assessed by comparing NBTs (0-300 N) at 150°C with 3 min period and TSTs —40 to 150°C with 60
min period for seeking main degradation. Finally, DP defined as the APS divided by the plastic strain of s-
Ag material from uniaxial tensile testing at the highest temperature in each condition is proposed for

understanding the degradation mechanism classification in the s-Ag die layer.

3-1. Thermal shocked test (TST) and four-point bending test

3-1-1. Experimental methodology

As for the first step, to experimentally understand the s-Ag die attach degradation during TST, the
degradation mechanism of s-Ag die attach was investigated by mechanical FBT and TST. s-Ag die
attached assembles (DAAs) have 5% in porosity (pr) and are subjected to two types of FBTs: centered
bending test (CBT) for bending moment applied to the s-Ag layer and shifted bending test (SBT) for shear
force application. FBTs and TST results are compared for seeking the stress mode dependences on crack
progress during TST. Fig. 3-1 shows a schematic view of TST, CBT, and SBT. In TST, by temperature
cycling between —40 and 150°C, the difference in CTE among respective materials gives rise to specimen
deformation upward and downward repeatedly, leading to cyclic bending deformation during the test. In

CBT and SBT, four-point bending under the deformation state illustrated as the bending moment diagram
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(BMD) and shear force diagram (SFD) is applied to a bar-shaped specimen. In CBT, the specimen with
SiC chip edges at the center is symmetrically set at the midpoint of both the loading and supporting points.
Between the two loading points, only the bending moment is applied. In SBT, the center of the specimen
is set to be at a certain distance from the loading center, which provides both bending moment and shear

force applied in the chip edges.

TST CBT SBT

Reliability chamber ; l i l i

<:Elongation image
against temperature varies

-40°C—150°C N
(SFD) (SFD)
S
R S~ >
l T S -
A
(o] {o]
150°C—-40°C Oy (BMD) S f (BMD)
a
O: Force center position O: Force center position

@: Specimen center position @: Specimen center position

Fig. 3-1 Experiment schematic view of TST, CBT, and SBT [5].
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Fig. 3-2 shows a schematic of specimen fabrication for each test and the photograph. For TST, SiC chip
measuring 4.8 mm x 4.8 mm X 0.35 mm was bonded with an electroplated copper (Cu) substrate
measuring 20 mm X 20 mm x 3 mm by sintering nano paste (NP) with a mean diameter of 18 nm as
introduced in Chapter 2. The sintering was conducted at 300°C under 60 MPa pressure for 10 min, as a
reference condition as previously introduced in Chapter 2. The temperature rising rate was 150°C/min to
prevent semi-sintering before pressuring the Ag layer. The pr of s-Ag layer was controlled to be around
5%. The detail of the fabrication protocol was described in Fig. 1-7. For CBT and SBT, two SiC chips
were aligned in parallel and bonded with a rectangular Cu substrate by pressure-assisted NP sintering. The
sintering condition was the same as that for TST. Then, the assembly was cut by blade dicing to form a bar
shape for the bending test. The dimension of each part, including the jig alignment position, is described
in Fig. 3-2.

TST CBT SBT

5
Width
550 um

9600[um]

Joint layer X
ssintered Ag ‘ [Bending test sample appearance]

v

[TST sample appearance|

[Jig set-up image]

Fig. 3-2 Schematic of specimen fabrication for each test together with the photograph [S].
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For TST, commercial equipment, TSA41-EL-A, produced by Espec Japan, was used, as shown in Fig.
3-3. In this chamber, air flow controls the atmosphere temperature, which can control the atmosphere
temperature by the variation rate at about 200°C/sec. Assembles were just placed onto the chamber basket.

CBT and SBT were performed by an in-house bending test system shown in Fig. 3-3.

Assembly

Temperature control chamber

Fig. 3-3 TST chamber.

Table 3-1 Reliability test condition [5].

TST condition
Atmosphere -40 to 150°C

Duration time 30 min / 30 min

Mechanical bending test condition (CBT and SBT)
Atmosphere Room temperature (RT)

Frequency [Hz] 10

Sine curve of load

W fi
ave form (Peak value: 0~26N)
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The CBT and SBT conditions are listed in Table 3-1. The equipment consists of a piezoelectric (PZT)
actuator for bending force application, a load cell for bending force measurement, a set of specimen’s
holding jigs for fastening a specimen at the four points during the test, and a laser displacement meter for
bending deflection measurement. The detailed tester specifications can be seen in the previous papers [6-

8].

3-1-2. Fracture mode

Fig. 3-4 shows representative scanning acoustic tomography (SAT) images at 100 cycles intervals in
0~500 cycles during TST. Also, cross-sectional scanning electron microscopy (SEM) images are shown
after 500 cycles for TST, 190,000 cycles for CBT, and 46,000 cycles for SBT. The specimen, after 500
cycles of TST, was cut at the center, indicated as the red dashed line on the SAT image for cross-sectional
SEM observation. In the SAT images of TST, the specimen shows a black-colored portion only in the
initial state, indicating the whole area is completely bonded. All the images were obtained using an
ultrasonic probe with 25 MHz. After 100 cycles, a white-colored portion can be seen at every corner,
indicating that delamination has started there almost simultaneously. With increasing the number of cycles,
each white-colored area increases gradually. At around 400 cycles, those portions have been connected to
each other. In the cross-sectional SEM image, after 500 cycles of TST, a crack initiated at the corner of the
SiC chip and propagated into the s-Ag layer at around 45°. When the crack tip reached the s-Ag and Cu
substrate interface, the propagation direction changed horizontally along the substrate surface. All the
specimens tested showed the same degradation phenomenon, although those data are skipped here.

For CBT, a crack was initially introduced at the same corner as the TST specimen. After that, the crack
propagated horizontally along the SiC bottom surface. After the crack proceeded by approximately 50 pum,
it turned to the s-Ag inside at an inclined angle of around 60° from the horizontal plane. When the crack
tip reached the s-Ag and Cu interface, it did not turn in the horizontal direction but kept penetrating the Cu
substrate.

For SBT, a crack was initiated at the SiC chip's corner, as did the other two specimens. Soon after, the
crack proceeded into the s-Ag layer at an inclined angle of around 50°. In the vicinity of the s-Ag and Cu
interface, the propagation direction changed to the horizontal direction, as did the TST crack. The similarity
between SBT and TST suggests that shear force plays an essential role in imitating cracking direction in

TST.
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However, the s-Ag porous structure after TST differed from that after CBT and SBT. Before TST, only
tiny pores were observed in the s-Ag layer with a pr of 5%. After 500 cycles in TST, the growth and
coalescence of pores are clearly seen. In contrast, even after 190,000 cycles in CBT and 46,000 cycles in

SBT, the internal structure of the s-Ag layer is significantly unchanged from the initial state.

TST
Cycle 0 100 200 300 400 500
SAT
image

CBT SBT

Fig. 3-4 Representative scanning acoustic tomography (SAT) images at 100 cycles intervals in
0~500 cycles for TST along with cross-sectional scanning electron microscopy (SEM) images after

500 cycles for TST and after 190,000 cycles for CBT and 46,000 cycles for SBT, respectively [5].
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3-1-3. Stress direction

Finite element analysis (FEA) was conducted to understand the difference in crack propagation
direction in the s-Ag layer between the three tests, using commercial software, ANSYS 19.0. Fig. 3-5
depicts representative FEA results along with the models. Stress distribution in the s-Ag layer around the
corner of the SiC chip edge was calculated. Since the maximum shear force direction could not be directly
displayed in the calculation, it was estimated by rotating by 45° from the maximum principal stress
direction calculated. A one-quarter model configuration was adopted in the TST simulation, and the cyclic
temperature as a driving force for the calculation was set at —40 to 150°C. In both the CBT and SBT
simulations, the face load of 26 N and O N were applied to the specimen model from the bottom and top
surface where the loading and supporting jigs contact, respectively. The material characteristic values used
for FEA are listed in Table 3-2. Only for s-Ag, the elastic-plastic behavior was considered. In the TST
mode FEA, the maximum principal stress is found to face the direction slightly inclined from the out-of-
plane direction, providing the maximum shear stress slightly inclined from the in-plane direction. The SBT
mode FEA shows almost a similar trend to the TST. However, the maximum shear stress direction in the
CBT mode tilts into the substrate surface compared to that in the TST and SBT modes. In general, the
fatigue crack of metal is well known to propagate along the maximum shear stress direction.[9] In the
cases of TST and SBT, the crack direction after the crack tip reaches the substrate accorded with the
maximum shear stress direction in the s-Ag layer. The similarity in stress distribution between the TST

and SBT modes would have given rise to the similar crack propagation phenomenon in those tests.
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Fig. 3-5 Representative FEA results along with the models [5]. (Upper side: Modeling overview.
Downside: Maximum principal stress and sheared stress direction distribution in the s-Ag die layer.

Thick annotation means representative direction for each test.)
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Table 3-2 Material mechanical properties used in FEA [5].

Material Young’s Modulus Poison’s CTE
e (GPa) Ratio (x 10_6)
SiC 412 0.17 3.0
Copper 118 0.35 16'8
64 Ti 115 0.35 -
100 s-Ag (RT)
350 s-Ag (100°C)
- 300 s-Ag (150°C)
% 250
= 200
S-Ag g 150 0.35 19.5
“ 100
50
0
0 0.5 1 15 2
Strain (%)
Cemented
carbide 630 o2 i

3-1-4. Failure mechanism

Fig. 3-6 (a) and (b) show the crack length in the out-of-plane and in-plane directions as a function of the
number of cycles, respectively. The length of the crack introduced into each specimen was divided into the
out-of-plane crack length (OCL) and in-plane crack length (ICL), which definitions are illustrated in Fig.
3-6. A specimen’s lifetime was defined as the state when the ICL reached 250 pum. The dashed and solid
plots indicate the incline and in-plane crack parts, respectively. In Fig. 3-6 (a), the OCL value for TST
rapidly increases to 300 cycles from the start. The value for SBT and CBT also increased rapidly from
1,000 to 10,000 cycles, respectively, compared to the initial state. After that, the OCL value for TST and
SBT looks kept constant, which means that the crack propagated along the horizontal direction into the s-
Ag layer. By contrast, the OCL value for CBT shows a gradual increase trend throughout the test,
indicating that the crack direction was unchanged during the CBT. In Fig. 3-6 (b), the ICL value for TST

and SBT linearly increases in the sold plot part with increased cycles. The fatigue crack propagation speed

90



indicated as an approximation line can be estimated to be 0.52 and 0.014 pm/cycle for TST and SBT,
respectively. The propagation speed for CBT in the final section is estimated to be 7x10™ um/cycle, which
is 20~740 times slower than that for TST and SBT. By comparing the crack propagation speed in TST
with that in SBT, the value for TST was approximately 4,000 times faster than that for SBT. The OCL
value reaches the lifetime length of 250 um at around 500 and 50,000 cycles for TST and SBT, respectively.
That is, the lifetime assessment period for SBT is approximately 1,400 times shorter than that for TST.
This fact implies that if the fracture mechanism of SBT is the same as that of TST, SBT can be a lifetime

acceleration test for the die-attach s-Ag material.
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Fig. 3-6 Crack length as a function of the number of cycles (a) Out-of-plane crack length (OCL)
(b) In-plane crack length (ICL) [S].
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The fracture surface was observed with SEM to discuss the fracture mechanism of the s-Ag layer after
TST and SBT. Fig. 3-7 shows a representative fracture surface at the inclined and horizontal cracking
portions after TST and SBT. The inclined portion of the s-Ag fracture surface after TST shows a smooth
surface, whereas that after SBT shows a rough surface. The difference in morphology between the two
portions can also be confirmed from these magnified photos. The fracture behavior of s-Ag film is known
to change from brittle to ductile at around 100°C. Since temperature changes range from —40 to 150°C
during TST, the dislocation glide was probably introduced in the s-Ag grains, while creep deformation
happened at the high-temperature region in the TST cycles. Consequently, a crack originating from plastic
deformation would have propagated just after pore growth and dislocation glide happened at the crack tip.
In contrast, SBT was conducted at ambient temperature, so the s-Ag layer fractured in a brittle manner.
That is, by mechanical cyclic loading, stress concentration at the grain boundary was probably generated

during SBT, resulting in the intergranular fracture of the s-Ag layer.

TST SBT
SiC
Observation r\\-::" C::)
part o .

<777 Incline
<> : Horizontal

Incline

Horizontal

Fig. 3-7 Representative fracture surface at the inclined and horizontal portions after TST and
SBT [5].
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The crack propagation direction in SBT was close to that in TST. However, the failure mechanism in
the s-Ag layer differed from each other. The discussion on the possibility of SBT as the lifetime
acceleration test for TST should not be concluded until the evenness of fracture mode between the two
tests has been confirmed experimentally. As for the next step, a mechanical bending test at high
temperatures should be conducted for approaching TST failure mode associated with plastic deformation.
In addition, mechanical bending deformation, including out-of-plane deformation as TST-like, would be

more suitable for comparing results.

3-2. TST and nine-point bending test (NBT)

3-2-1. Experimental methodology

This section introduces a new mechanical bending test technique called the nine-point bending test
(NBT). Fig. 3-8 shows a TST and NBT schematic and out-of-plane deformation distribution obtained from
FEA using commercial software, ANSYS 19.0. The simulation aim is to verify the similarity of out-of-
plane deformation with substrate between TST and NBT. For TST, a cyclic temperature between —40°C
and 150°C was set to the ambient atmosphere as a driving force. For NBT, a cyclic point force between 0
and 300 N was set on the bottom face of the load pin as a driving force. The eight supporting pins were
placed onto the substrate at a 45° in-plane interval with a 7 mm in radius. s-Ag deforms plastically under
applied stress at elevated temperatures [3, 10]. Therefore, the simulation temperature of NBT was set to
keep at 150°C to induce local plastic deformation in the s-Ag die layer by applied mechanical force. The
input material property is identical as listed in Table 3-2. The stress-free temperature in both TST and NBT

was set to 120°C, which was determined based on the previous literature [1].
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Fig. 3-8 Schematic of TST and NBT along with out-of-plane deformation distribution.




For TST, a concentric out-of-plane deformation happened because of the difference in CTE between
SiC and Cu. By decreasing the temperature to —40 °C, the out-of-plane deformation with a concentric
concave morphology was obtained. On the contrary, by increasing the temperature to 150 °C, the
deformation with a concentric convex morphology was obtained. The difference in the deformation
direction was attributed to whether the target temperature was above or below 120 °C, a stress-free
temperature. For NBT, a concentric concave pattern was observed in all the applied force conditions. The
deflection at the center portion was proportional to the applied force. Based on the FEA results above, the
common thing between the two tests was to give a concentric out-of-plane deformation. In the experiment,
by heating and cooling cycles during TST, the s-Ag layer will deform mechanically in the out-of-plane
direction, and simultaneously it will suffer from thermal damage. That is, during TST, both thermal and
mechanical damages will be introduced in the s-Ag layer. On the other hand, by mechanical cycling
loading during NBT, the s-Ag layer will suffer from mechanical damage only. The author aims to apply
additional damages to the s-Ag layer throughTST and NBT to understand its degradation mechanism in
the experiment. The FEA results suggest that the two tests will provide a similar deformation and a different
type of damage with the s-Ag layer.

Fig. 3-9 (a) shows photographs of the NBT experiment system. A universal test system (Instron Japan,
68TM-5) comprising a temperature variation chamber, a load cell, a brushless AC servomotor, a flow
heater, a displacement sensor, and the load and support jigs we designed were used. The load jig motion
was controlled by external commercial software, Instron Blue Hill Universal, where the applied stress was
controlled. A round-shaped cemented carbide pin was embedded at the center of the loading jig made of
stainless steel alloy. A screw was embedded on the lateral surface of the base jig to fix the load pin position.
For the support jig, eight pins identical to the load pin were arranged in a regular octagonal position in-
plane to maintain a 7 mm distance from the center of the support jig made of stainless steel alloy. A 20 mm
square-hole metal guide plate made of aluminum alloy was placed at the center of the base jig to guide the
specimen position. The NBT system cross-section and assembly are illustrated in Fig. 3-9 (b). A stainless-
steel spring was placed under the bottom surface of each support pin to make a uniform contact between
each support pin and the substrate surface. The height of each pin was lifted to the contact position using
the spring’s reaction force. The height of each pin can be fixed by fastening the side screw. The detailed

setup procedure is described in Appendix D.
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3-2-2. Experimental condition

The test conditions are listed in Table 3-3. TSTs were conducted under five different conditions with
several temperature profiles ranging from —40 to 150°C. The temperature transition time between the
lowest and highest for each TST condition was set to be 25 sec. As a reference structure for TST, a 4.8 mm
square SiC chip with 0.35 mm thick was s-Ag bonded with a 20 mm square copper substrate with 2 mm
thick at the process temperature of 300°C for 10 min under 60 MPa pressure of NP and NMP s-Ag bonded
layer with 50 um thick. The s-Ag layers of 50 and 100 pum thick were used with the Cu substrates of 1 and
2 mm thick to investigate the thickness effect on s-Ag degradation. For NBT, Ti-6Al-4V (64 Ti) with Ag
sputtered substrate was adopted. The exact Ag sputtering condition is referred to in Appendix E. The reason
why used 64Ti for NBT was attributed to the excellent mechanical property of 64 Ti. The mechanical
property of Young’s modulus is almost identical to Cu material. However, the yield stress is about three
times higher than the primary value of Cu yield stress [11]. Therefore, 64Ti substrate can allow bending
deformation without fatigue plastic deformation during the NBT. The test temperature was kept at a
constant value of 150°C by heat flow regulated by the feedback signal of the resistance thermometer
installed in the chamber. NBT was performed after 60 min to stabilize the temperature in this experiment.
SiC chip bonding conditions and other assembly configurations for NBT were identical to those for TST.
The maximum applied force varied from 240 to 300N. In NBT, under the maximum loads of 300, 270,
and 240N, the traveled times from ON to the maximum value for each condition were 90, 84, and 72 sec,
respectively. The strain rate values were estimated to be 6~8x10~* sec”' based on actual experimental
conditions and FEA simulation results, almost the same in all the test conditions. All the tests were
performed immediately after setting the specimens to avoid introducing any damage providing material’s

unevenness before the tests.
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Table 3-3 Experiment condition.

Cu
Temperature pattern s-Ag. s-Ag BLT thickness
material (pm) (mm)
SiC
TST
s-Ag (NPNMP) [ T 50. 100
Temperature Waveform I ’ Hm
(°0) (Rectangular)
Cu 1,2 mm
1)) 50 2
(30/30 min) NMP
(111) 60MPa 100 2
av) | —40-100 300°C 50 2
10min
Storage
\ 150 (60,000 min) 30 2
64Ti
Force pattern S-Ag | s-AgBLT | kness
material (um) (mm)
SiC
NBTY s-Ag (NP,NMP) 50 um
Force Waveform
[N] (Triangle) 64 Ti 1 mm
1)) 0-300 3min period NP
NMP
(II) 0-270 2.7min period 60MPa 50 1
300°C
(IIT) 0-240 2.4min period 10min
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3-2-3. Results of TST and NBT

Fig. 3-10 shows representative SAT images for TST and NBT. All the images were obtained using an
ultrasonic probe with 25 MHz, which is identical to section 3.1. The color difference is attributed to the
reflective acoustic intensity. The white color depicts the delamination area corresponding to the high
reflective intensity caused by air inside, whereas the black color depicts the bonded area. In TST (), a
standard condition for s-Ag DAA with NP, the delamination starts steadily at the corner of the die after
400 cycles. The delamination proceeds with increasing the number of cycles. Mainly it randomly proceeds
from 800 to 1000 cycles. For NMP, the delamination starts after 200 cycles, which randomly proceeds
until 1000 cycles. The delamination area for NMP is found to be larger than that for NP in each cycle. The
delamination for both NP and NMP starts at the corner of the die after 200 cycles in TST (II), which
difference from TST (I) is in the thinner Cu substrate thickness. With increasing the number of cycles, the
delamination area increases, but the rate is more significant than that in TST (I). TST (III) with thicker s-
Ag layer thickness for both NP and NMP than those s-Ag thickness in TST (I) shows delamination after
400 cycles. This trend is similar to TST (II). One of the common phenomena obtained in TST (1) and (IIT)
is at the point where delamination occurred at around four corners only. By reducing the Cu substrate
thickness or increasing the s-Ag layer thickness, the stress leading to the delamination during TST would
have decreased in TST (IV), which difference from TST (I) is in the maximum temperature. Almost no
delamination was observed in NP, whereas partial delamination happened in NMP, although the
delamination area was smaller than in TST (I). Small AT gave rise to a small delamination area, as with
the previous results [2, 3]. In TST (V), indicating temperature holding testing, no delamination was
observed at all throughout the test for both s-Ag materials. A temperature variation would be necessary for
the delamination.

In NBT (I), the delamination in NP is seen at the two corers after 400 cycles, and then on the one-side
edge, a significant delamination happens. With increasing the number of cycles, the delamination area
gradually increases. In the case of NMP, after 200 cycles, the first delamination is seen in the one-side edge,
and the area increases with increasing the number of cycles. In the NBT (II) and (III) conditions, a similar
trend is seen to NBT (I). Also, in every condition, NP showed a smaller delamination area than NMP at

every cycle. All SAT results are displayed in Appendix F.
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Fig. 3-10 Representative SAT images after (a) TST and (b) NBT.
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Fig. 3-11 Representative cross-section SEM analysis results after 1000 cycles of (a) TST, (b) NBT,
and (c) Microstructure image analysis results in red frame regions depicted in the SEM cross-section
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Fig. 3-11 (a) and (b) representative cross-sectional SEM observation results for TST and NBT after
1000 cycles, respectively. The cutting line and observation direction are indicated in the SAT images. All
cross-sectional SEM images except for TST (IV) and (V) showed a similar cracking behavior toward the
middle of the bonded region. Firstly, a crack was initiated at the top left corner of the s-Ag layer. Then it
propagated into the s-Ag layer at an inclined angle of approximately 45° to the substrate surface. After that,
the propagation direction was changed to the horizontal direction along with the substrate surface, which
is probably associated with the maximum shear stress direction in the s-Ag layer [5]. Although those
“straight” cracks were commonly found in all conditions other than TST (V). Other “wavy” cracks were
observed in TST (I), (I), and (IV). In TST (I) and (II) for both NP and NMP, a straight crack was found to
change to a wavy crack, propagating out-of-plane in the middle of the bonded section, irrespective of s-
Ag materials. Note that a crystal grain morphology was different in only the wavy cracking region. As
illustrated in Fig. 3-11 (c), pores indicated as red-colored portions and crystal grains are found to grow
after 1000 cycles in TST (I) for both NP and NMP. Since the number of pores was reduced, multiple pores
would have merged into one originating from growing crystal grains in a harsh environment. However, in
TST (IV) for NMP, only a wavy crack was found instead of a straight crack. In the DAA, the morphology
of the crystal grain was unchanged. Therefore, the wavy crack might have happened coincidently. Only
an inclined short crack was found in TST (IV) for NP. In TST (III) for both NP and NMP, only a straight
crack was seen, indicating that no damages based on crystal grain growth were introduced. In TST (V), no
cracks were found either straight or wavy for NP and NMP. In the case of NBT, all the DAAs showed only
straight cracking and unchanged crystal grain morphology before and after the tests. According to the
Ostwald ripening law [12, 13], microstructure aging becomes active with increasing holding time at high
temperatures. Accordingly, mechanical force application with a short period of 3 min would not have been
enough to give rise to pore growth in the s-Ag layer.

Note that the white-colored portion corresponding to the delamination area in SAT images includes
straight cracking and wavy cracking because the 25 MHz ultrasonic probe used here covers the entire s-

Ag layer to be observed.
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3-2-4. Delamination analysis
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Fig. 3-12 Delamination ratio as a function of the number of cycles of (a) TST and (b) NBT.
Fig. 3-12 (a) and (b) depict the relationship between the number of cycles and delamination ratio after
TST and NBT, respectively. The delamination ratio is defined as the ratio of the white-colored area

corresponding to the delaminated area in a SAT image to the entire SiC die area. All the data in Fig. 3-12
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were based on SAT images in Fig. 3-10. Gray and white colored plots indicate NP and NMP, respectively,
and the difference in plot style indicates the difference in test conditions. In Fig. 3-12 (a), the delamination
ratio for NP in TST(I) is almost 0% even after 300 cycles. Then, it monotonically increases to around 50%
after 1000 cycles at a constant rate of roughly 0.7% per cycle. For NP in TST (II) and (III) with a thin
substrate and a thick s-Ag layer, respectively, those delamination ratios increase from 200 to 1000 cycles,
and the increasing rates show almost half of the rate in TST (I). For NP in TST (IV), however, almost no
delamination happened throughout the TST. For NMP in TST (I), the delamination is found to start after
200 cycles. The delamination ratio under each cycle takes larger values, reaching 70% after 1000 cycles.
The increasing rate for NMP was roughly twice that for NP. For NMP in TST (IV), the delamination ratio
increased from 300 to 1000 cycles, reaching 40% in 1000 cycles, although the NP DAA showed almost
no delamination. The difference between the two comes from the difference in degradation mode. A wavy
crack was observed in the NMP DAA under the TST (IV), which would have produced a large
delamination ratio. However, NMP in TST (II) and (II) has no significant differences between NMP and
NP. This tendency implies that under fewer stress conditions originating from a thin substrate or thick s-
Ag layer, a crack introduced inside the s-Ag layer propagated slowly, whether the crack form is wavy.

The NBT results in Fig. 3-12 (b) showed a similar trend to the TST results. The delamination ratio
increased with increasing the number of cycles. In every NBT condition, the delamination ratio for NMP
was larger by over twice that for NP. In the case of NBTs, a crack propagation speed depended on the
magnitude of applied force to the DA As with NP and NMP. In NBT, under several conditions, the numbers
of cycles to failure were below 1,000 cycles, which were obtained at a constant frequency of 0.0056 Hz.
In the bending-mode fatigue test at 10 Hz with RT, the s-Ag’s lifetime was around 50,000 cycles [5].
Another experiment where the three-point bending-mode fatigue test was conducted at 1 Hz at 125 °C
showed a failure at around 7,000 cycles [14]. Those comparisons imply that the lifetime of s-Ag strongly
depends on frequency during the fatigue test, indicating a solid strain rate dependency on fatigue.

Fig. 3-13 (a) and (b) show the Weibull plot of the delamination ratio for NP and NMP obtained in TST
and NBT, respectively. The definition of plot style is identical to that in Fig. 3-12. Here, five specimens per
condition were subjected to TST and NBT, and the delamination ratio for each specimen after 1000 cycles
in Fig. 3-12 was employed for drawing the Weibull plot. The median rank method was used for
delamination probability calculations [2]. In many conditions, the delamination ratio takes a linear

relationship with delamination probability on the Weibull statistics sheet, which indicates that the data for
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each condition can be fitted well using a single two-parameter Weibull distribution function. According to
the analysis of the strength of brittle materials, only one fracture mechanism existed in a series of DAAs
under the same test condition. However, only TST (I) for NP and NMP and TST (IV) for NMP possessed
a clear inflection point, as it is indicated using a solid line shown in Fig. 3-13 (a). That is, those data could
be fitted using two straight lines. Generally, considering the strength of brittle materials with a statistical
approach, the fact that two straight lines well fit the data in the Weibull plot means that a series of the
DAAs failed under two different fracture modes. As shown in Fig. 3-13 (b), no inflection point was found
in all the data obtained in NBT, indicating that all the DA As under the same test condition fractured under
a sole mechanism.

In this study, the definition of die attach failure was set to be 20% in the delamination ratio. When a s-
Ag material with random particle size was used under a wide range of temperature changes and high-stress
application, the s-Ag DAAs exceeded the life at the early stage of the test, as shown in Fig. 3-12. Also,
even under the same condition, some DAAs exceeded the life after 1000 cycles, as shown in Fig. 3-13.
Those experimental facts indicate that the range of the optimum condition for designing the s-Ag layer
without failure can be specified if the physical phenomena causing its degradation could be understood

correctly.
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Fig. 3-13 Weibull plot of delamination ratio after 1000 cycles of (a) TST and (b) NBT.

3-2-5. Damage parameter validation

The multiple degradation mechanisms shown in Fig. 3-13 should be understood in more detail for
further improvement of the reliability of s-Ag die attach. In general, the accumulated APS has been utilized
as an appropriate parameter to describe the degradation of the s-Ag layer [3, 14-20]. The APS value can
describe the s-Ag’s plastic flowability, which would affect the degradation of s-Ag die attach during TST
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and NBT. However, NP and NMP had a different temperature dependence on tensile mechanical
properties as mentioned in the Chapter 2. That is, APS cannot intrinsically consider the s-Ag plastic
resistivity difference by applied stress. That is, APS cannot intrinsically consider the s-Ag plastic
resistivity difference by applied stress. For a comprehensive understanding of multiple degradation
mechanism classification for s-Ag die attach with NP and NMP, the author proposes a new parameter of
DP, which is defined as the ratio of the APS to plastic strain, ¢,, originating from uniaxial tensile testing at
the highest temperature in each condition. The DP can be given as follows:

DP = ﬁ 3)

&p

Here, the APS around a tip of a crack introduced into the s-Ag layer is considered for DP calculation.
The APS divided by ¢, of the s-Ag material for each condition indicates the possibility of cracking
originating from plastic flow around a tip of a crack in the s-Ag layer, which can be regarded as the
percentage of a crack that can propagate from the stress intensity area in the s-Ag layer, for example, crack
tips. Considering that the endurance until fracture differs for each s-Ag material, the APS around a tip of a
crack should be normalized by using ¢, of each s-Ag material under each condition, which indicates that
the degradation can be expressed irrespective of the difference in s-Ag material. Therefore, DP is an
appropriate parameter compared with APS in making an overall description of s-Ag degradation under
certain mechanism.

Fig. 3-14 shows the two dimension (2D) FEA models for TST and NBT produced in commercial
software of ANSYS 19.0. The 2D models were reasonable due to the symmetrical assembly configuration
of all DAAs used in the experiment. The axis symmetry condition was set on the left edge of the models.
Temperature and force variations were set as boundary conditions for TST and NBT, respectively, based
on those experimental conditions listed in Table 3-3. An inclined crack was initially made into the s-Ag
layer based on the experimental results [5]. To avoid the singularity, the mean APS value for each condition
took the average values at 88 nodes located within a 20 um x 10 um squared area around a tip of the crack
as depicted in Fig. 3-14. In addition, the crack shape would also affect the APS value. However, in this
study, the crack shape was set to the same configuration as shown in Fig. 3-14 for simplistically focusing
on the DAAs configuration and external boundary condition dependences on the calculated APS value.
Each material characteristic input was identical to our previous studies [5, 20]. The bar graph compares

the averaged APS values under each condition as a representative result. The value for TST (I) was 0.035,
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which was the largest among the TST conditions. Decreasing the substrate thickness to half, the TST (II)
value decreased to 0.015, around 40% of the TST (I) value. By increasing the s-Ag layer thickness to twice,
TST (1II) value was reduced to 0.008, which was comparable to the TST (IV) value. NBT (I) took an
immense value of 0.041 in all the conditions treated here, which was larger by 0.006 than the TST (I) value.

With decreasing applied force, the value decreased proportionately.

Axis symmetry :rr“rﬂﬁl__'_'nt_s_iani Cyclic temperature
INEEE: sag || -40-150°C
IR | | -40-100°C
1S i
TST fain syaluation aeea. .
Fix
| - Face fix
Axis symr;etryg [
= |
LSt evaluation ar
NBT { :
64Ti
Cyclic load
0-300N, 0-270N. 0-240N
TST (I) ,
TST (II) !
TST (1) —

TST (IV) ———

NBT (I) .

NBT (1) ]

NBT (111 I

0 0.01 0.02 0.03 0.04 0.05
APS / cycle

Fig. 3-14 FEA geometry, mesh configuration, boundary condition, and FEA calculation results of

averaged APS value in the evaluation area.
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Based on Fig. 3-14, the DP values were calculated as shown in Fig. 3-15. The definition of a fill color
is identical to that in Fig. 3-13. Frame color definition is identical to that in Fig. 3-14. The DP values were
separately derived considering the ¢, difference between NP and NMP at each temperature. Under
conditions except for TST (IV), the DP values of NMP were roughly 1.7 times higher than those of NP.
All the DP values are listed in Table 3-4, which was used to derive Fig. 3-15.
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Fig. 3-15 Damage parameter numerical results of all experiments.

Table 3-4 DP parameter derivation list.

Item APS g, DP
NP 0.095 0.37

TST 0.035
I | NMP 0.055 0.64
NP 0.095 0.16

TST 0.015
I | nmp 0.055 0.27
NP 0.095 0.08

IST 0.008
(I | nmP 0.055 0.14
NP 0.078 0.09

TST 0.007
av) | nmp 0.013 0.56
NP 0.095 0.43

NBT 0.041
M | NMP 0.055 0.75
NP 0.095 0.28

NBT 0.026
an | nmp 0.055 0.48
NP 0.095 0.15

NBT 0.014
(I | Nmp 0.055 0.25
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Fig. 3-16 shows the delamination ratio after 1000 cycles as a function of APS and DP. The delamination
ratio used here is the value at the delamination probability of 63.2% for each condition in Fig. 3-13. The
plot color and style definition are identical to that in Fig. 3-12 and Fig. 3-13. The difference in plot frame
color is identical to that in Fig. 3-15. APS and delamination ratio relation have a possitive correration in
double logarithmic graph. However, the plots are scattered between NP and NMP as indicated in the
arrows shown in Fig. 3-16 (a). Only APS associated with plastic flowablility was not suitable for
classifying failure mode differences among experiments. By contrast, the plots were well fitted using two
linear approximation lines in the double logarithmic graph of the delaination ratio and DP relation as shown
in Fig. 3-16 (b). The difference in delamination ratio between the two lines was at most 10% at the DP
value of around 0.09. In addition, at the DP value around 0.6, the two lines cross, indicating the same
delamination ratio value. In both lines, the DP value lower than 0.18 fulfills the delamination ratio lower
than 20%, which is a condition for s-Ag die attach regarded as fracture. Red frame plots showing TST (I)—
(IIT) at —40°C to 150°C on NP and NMP were close to the upper straight line, which indicates that high-
temperature cycling test with long holding time would cause cracking originating from material aging in
the s-Ag layer Fig. 3-13. During testing, the s-Ag mechanical property weakens because of pore growth
originating from crystal grain growth, corresponding to an increase of the DP value. Consequently, the
delamination ratio value with aging would result in a higher value than that without aging. By contrast,
black frame plots showing NBT (I)—~(IIl) at 150°C and blue frame plots showing TST (IV) from —40°C to
100°C were close to the lower straight line. Under those conditions, material aging would not occur.

By using the proposed DP, the delamination ratio data could be divided into aging and non-aging during
testing. Therefore, the DP would work well to find a condition that s-Ag material can show long-term

durability against thermal and mechanical cyclic loading.
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3-3. Conclusion

In this Chapter, the degradation mechanism of s-Ag DAAs is experimentally investigated by TST and
mechanical bending test (FBT and NBT). For FBT, a bar-shaped specimen is subjected to two types of
FBTs (centered bending test] for bending moment application and shifted bending test [SBT] for shear
force application). A crack path in SBT was similar as TST, which indicated that the maximum shear
mechanical stress played an important role in imitating the same s-Ag cracking morphology after TST.
However, the crack propagation speed per cycle in TST was 4,000 times faster than the propagation speed
during SBT. The lifetime assessment period of SBT was approximately 1,400 times shorter than that of
TST. The fracture surface of the s-Ag layer after TST was smoother than that after SBT, which indicated
that the s-Ag layer during TST fractured with plastic deformation at the elevated temperature side, whereas,
SBT fracture mechanism almost originated from a brittle fracture with a granular fracture. The difference
would come from the environmental differences of temperature and induced time. Bar-shaped specimens
with FBTs were obtained by uniaxial bending tests, which could not reflect the out-of-plane deformation
during TST.

NBT can mechanically provide the same deformation as TST like. NP and NMP were sintered at 300°C
for 10 min under 60 MPa pressure. TSTs were conducted under thermal cyclic loading between —40°C
and 150°C with a trapezoid waveform for 60 min per a cycle. NBTs were conducted under cyclic
mechanical loading between 0 and 300 N with a triangular waveform for 3 min per a cycle at 150°C. SAT
evaluated the die-attach delamination during TST and NBT. NP DAAs showed less delamination than
NMP DAAs after TST and NBT. Small temperature and force variation led to small delamination. The
thick s-Ag layer and thin substrate showed the small delamination of s-Ag after TST. Cross-sectional
observation demonstrated that mechanical cracking and material aging in the s-Ag layer coexisted after
TST under the condition of —40°C to 150°C. The DP proposed in this study worked well to fit the

delamination area ratio after 1000 cycles, which indicated that the degradation can be categorized into two

groups.
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4.  Sintered Silver Degradation Mechanism

4-1. Pore growth condition

4-1-1. MD simulation

The cause of categorizing into two groups in Fig. 3-16 will be considered from the viewpoint of
microstructure physics. The point is to clarify the main physical reason why the relationship between the
relation between delamination ratio and DP was divided into two groups. To first explore the right reason
for the s-Ag aging, molecular dynamics (MD) simulations were carried out. MD calculations have been

widely adopted to analyze the physical movements of atoms and molecules by the following steps:

1. Determine the initial atomic position velocity, and boundary condition.
2. Calculation of force acting on each atom.

3. Update of atomic position and velocity.

4. Data analysis.

For the s-Ag case, the Ag particle diffusion during the sintering process has been studied to understand the
sintering mechanism by MD simulation [1, 2]. In this study, molecular dynamics (MD) simulations were
carried out by free software, LAMMPS. The simulation model configuration and boundary condition are
shown in Fig. 4-1, together with the boundary condition.

& eorc

- Boundary condition
v Hydrostatic stress direction
(I) Tensile strain

(IT) No external strain
(IIT) Compressive strain

White: Pore
Green: FCC atoms
Gray: Grain boundary

V' 20nm

Fig. 4-1 MD calculation condition.
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Four equal circular pores were symmetrically placed at each vertex point of the standard square
positions surrounded by five grains. The symmetry configuration can stably calculate MD. In addition,
different-sized crystals can observe crystal growth associated with Oswald ripening law [3,4]. The model
includes four trapezoidal crystals with 822 nm? in surface area and one square shape of grain with 170 nm?
in surface area. The grain boundaries were made of the misorientation angle setting between adjacent
regions. The overall model configuration is 58.8 nm in X and Y directions and 2.04 nm in the Z direction.
Periodic boundary condition in the Z direction was set. MD calculations are limited to treating up to
microsecond time scales [5], which are significantly shorter than the actual pore growth time scales during
experiments. The calculation temperature was set at 600°C, which was higher than the temperatures in the
experiment to visualize the pore growth within the MD calculation time scale. The calculation time step
was set to be 1 fs, and the entire calculation time was set up to 3 ns. A hydrostatic strain was selected from
2% in the compression direction to 2% in the tensile direction. A random crystallographic orientation was
employed based on previous literature [6-8]. An embedded atom method (EAM) was adopted, which is
commonly used for the Ag calculation [2, 9].

Fig. 4-2 (a) shows the MD simulation results after 0.1 ns passed. The upper and bottom images show
pore configuration and hydrostatic stress distribution, respectively. The pore shape and size are found not
to be changed so much under every strain condition. Hydrostatic stress is distributed uniformly at each
state because the period time under an applied hydrostatic strain was very short. As shown in the graph on
the relationship between applied strain and pore growth ratio, the pore size is found to be unchanged
throughout the simulation. After 3 ns passed, as shown in Fig. 4-2 (b), however, the pore configuration is
changed, which is strongly dependent on the applied strain value. Under the compressive strain condition,
the pore size and composition were still similar to the initial state, whereas, under the tensile strain
condition, those were changed because more atoms moved around grain boundaries by deformation and
diffusion. As aresult, the configuration of pores got asymmetry. Fig. 4-2 (b) suggests that high tensile stress
generated along the grain boundaries accelerated atomic diffusion, leading to pore growth along the
boundaries. In the relationship between applied strain and pore growth ratio, pore size was little changed
under compressive strain applied. With increasing tensile strain, the pore size rapidly increased. At a tensile

strain of 2%, the mean pore size grew to almost twice the initial state of that.
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Fig. 4-2 Molecular dynamics simulation of (a) 0.1 and (b) 3 ns. (Upper side image: Pore
configuration. Downside image: Hydrostatic stress distribution. Bar graph: Pore size growth ratio

as a function of applied strain.)
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4-1-2. Stress direction
FEA was conducted to examine the stress component around a crack tip and inside the s-Ag layer in the

die attach, considering straight crack and wavy crack, respectively, as shown in Fig. 3-11.

| Crdu b fands sic

1N Cu [i
NBT
No.
Inner Crack tip Inner
I
24.2 MPa 11.6 MPa
Im
14.9 MPa
I IZZI
9.8 MPa
X W N R .
g 3 ‘3}{’;‘\‘,\@:?)@ Maximum principal stress
‘.‘_ ' (Tensile)
v /" Minimum principal stress
(Compressive)
_5.0MPa ¥=, Maximum shear stress

Fig. 4-3 Stress distribution at around a crack tip along with representative stress component and

direction inside the s-Ag layer.
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Fig. 4-3 shows stress distributions around a crack tip, representative stress components and direction
inside the s-Ag layer. In this FEA model, pore is not considered in the s-Ag layer; thus, the averaged stress
direction in the layer can be considered because the porosity level of NP and NMP was low in accordance
with the cross-sectional SEM observations Fig. 2-19. Of course, the stress direction distribution would be
changed by increasing the pore size and distribution during tests. However, this simulation aims to initially
understand the main stress component in the s-Ag die layer during TST and NBT in the initial stage when
the pore is not still grown up. The red and blue arrows indicate the maximum and minimum principal
stresses, respectively. A set of black arrows indicate the maximum shear stress. At a crack tip, the stress
direction shows almost the same in all the test conditions. The maximum principal stress is in tension,
which is found to face a slightly inclined vertical direction. The minimum principal stress is in compression.
The maximum shear stress direction determined by rotating the maximum principal stress direction by 45°
is close to the horizontal line, which would have worked to change the crack propagation direction to
horizontal along the s-Ag and substrate boundary in the experiment [ 10]. In the inner region, the maximum
principal stress in tension dominates, and the angle tilts approximately 30° from the vertical axis except
for TST (IV). The maximum principal tensile stress value is written in Fig. 4-3 for each condition, which
was calculated by taking an average of the stress values in the red-squared region. In TST and NBT, those
values were calculated at the highest temperature and the induced force, respectively, for each condition.
The value for TST (I) was 24.2 MPa, which decreased to 14.9 MPa for TST (II) with decreasing Cu
substrate thickness to half. For TST (III), the value decreased to 8.6 MPa, almost one-third of that for TST
(D, with increasing the s-Ag layer thickness to twice that for TST (I). The compressive stress was dominant
for TST (IV) since the highest temperature was 100, lower than 120 providing non-stress with the s-Ag
layer [11]. For NBT (I), the value of tensile stress as the maximum principal stress was 11.6 MPa, which
decreased to 10.8 MPa and 9.8 MPa with decreasing the applied force from 300 N to 270 and 240 N,
respectively.

From the MD simulation results above, it was confirmed that the condition necessary for pore growth
requires the application of tensile stress in the s-Ag layer. The FEA results suggested that tensile stress as
the maximum principal stress was produced at an inclined crack tip and inside the s-Ag layer during both
TST and NBT under almost all conditions. In several cases in this study's experiment, the thermal and

mechanical cycling tests were conducted under the condition that pores quickly grew in the s-Ag layer.
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4-2. Degradation criterion

4-2-1. Classical pore growth physics

The pore growth model combined ‘““Themo dynamics™ and “kinematic law” is considered to determine
a criterion for pore growth. The pore growth can be derived as following steps based on previous literature
[12-15]. This calculation is supposed to show that the free energy change (dG) and an atom (dN) diffuses

in the distance (/) within time (f). The thermodynamics force (f) acted on each atom is estimated as the

following equation:
1,dG
= ——|— 4
r==1(a) ®
The average speed (v) of atom is derived from Einstein equation as the following equation:
fD
== 5
V=T (5)

where D is the diffusion coefficient, k is the Boltzmann coefficient, and T is the absolute temperature.
Suppose the atomic transfer with diffusion occurs within the diffusion cross-section area (o), which can be
assumed that the atom unit volume is €. Then, the volume variation (dV) can be derived as the following
equation:

dV = 2dN = vadt (6)

Combine from equation (4) to (6), the pore growth equation is derived as the following equation:

dV_QdN af_D_ Da(dG) @

dt dr Tkt T T kTI\GN
Accordingly, if the free energy variation (AG) is calculated, the pore growth rate can be clarified. The
physics model is considered to calculate the AG under the applied stress to the pore, as depicted in Fig. 4-4.
This model configuration supposes that spherical pores with radius » (volume V) are located in a line by
2/ interval distance. The external force of o is applied to the grain boundary. It can be assumed that the

pore is a sphere shape because the surface diffusion at the pore surface is sufficiently rapid compared to

the grain boundary diffusion [12-15].
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Grain
boundary

Fig. 4-4 Classical pore growth physical model overview.

When the pore An (atom increments) per At (time increments) diffuses from the pore surface to the grain
boundary, the radius of the pore increases by Ar (radius increments) due to diffusion and migration of An
from the pore surface to the grain boundary within Az (time) per pore. The AV (pore volume increment) is
derived as the following equation:

dV = QdN = 4nr?dr (8)
In addition to the potential energy change of the external force as the Gibbs free energy change (AG), the
surface energy change of the pore (the Helmholtz free energy change of the object) is also considered.
Surface energy per area is assumed as y. Then the AG is derived as the following equation with surface

energy variation and external force potential variation:
2y
dG = 8nrydr — 4nr?odr = —4nr? (a - T) dr (9)

The average diffusion distance is estimated as the following equation:

A—r
= 10
> (10)
The diffusion cross section is estimated as the following equation:
a = 2mrw (11)

Then, combine the equations among (7), (9), (10), and (11), the pore growth rate under tensile stress is

derived as the following equation:
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av Da(dG)_ Doz{4 2( Zy)dr}_Da{4 2( Zy) [2}
B B TS dNJ)  kgT 1 T a2

_bn a( 2)/) _ D0 2mrwy, ( 2)/)
d T B kBT A —T
2

_AnDwy2 o T 2y
kT (/1 - r) (G T ) (12)

It is worth noting that the positive or negative with pore growth rate is determined by the relationship
between applied stress (0) and surface energy per pore radius (2)/r). The pore volume variation is derived

as the following equation:

_AnDwpd o T 2y
av =" (A_r)(a—r>dt (13)

4-2-2. Pore growth criterion map

Equation (13) is utilized for determining the pore growth criterion stress plane. A pore included in the
s-Ag layer is not a perfect sphere, as shown in Fig. 3-11 (c). For making the following calculations simple,
s-Ag pore was considered as an equivalent sphere. In this study, the criterion that pore grew was set to be
250 nm in equivalent sphere diameter, considering pore growth after TST as shown in Fig. 3-11. Under

that condition, the dV between the initial and grown states can be expressed geometrically as the following

equation:

dv = 4?H{(ZSO x 1079)3 — r3} (14)

Table 4-1 Input parameter for deriving the equation (15).

A (nm) 500

w (nm) 0.14

2 (md) 1.2 X10-%°
Y (J/m?) 1.14 121

k (J/K) 1.38 X 1023
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By substituting the equation (14) and other parameter values, listed in Table 4-2 into the equation (13), the

pore growth criterion stress of ¢, around a pore can be given by:

2.28(5%x1077 —r
o (D R r) _ (4.5 x 1075 — 2.8 x 1015 - 13) (15)
r D -dt .

T r

Fig. 4-5 shows the relationships between stress, ¢, around a pore, initial pore size, 7, and diffusion effect,
Du/T, where ¢ is the time at the highest temperature applied during TST and the time at the stress applied
during NBT. Here, the hatched plane shown in the figure is indicative of the critical stress condition where
a pore starts growing, which was made by calculating the equation (15). The plane is found to be located
in the tensile stress region, as the MD results suggested in Fig. 4-2. The ¢ necessary for pore growth
depends on D¢/T and r, which is found to decrease with increasing the two values. Increasing the Dt/T
indicates activating diffusion around a pore by increasing the temperature or stress-induced time.
Accordingly, pore growth can quickly occur even without applying large stress. Also, the critical stress
plane suggests that if a pore is initially large, a small stress for growing the pore from r to 250 nm, set as
the critical size, is unnecessary.

For giving the plots originating from the experimental results in Fig. 4-5, the stress, g, was estimated
using each parameter listed in Table 4-2. Since pores were not included in the FEA calculations in Fig. 4-3,
stress concentration should be considered if the ¢ around a pore needs to be estimated. Here, the o around
a pore was calculated by multiplying the FEA stress values in Fig. 4-3 by the stress intensity factor a =2.2
surrounding a pore, as referred to the previous study [16]. D#/T was determined by considering the
experimental condition in TST and NBT [17, 18]. Based on the cross-sectional SEM images, the r was set
to be 80 nm and 130 nm for NP and NMBP, respectively, which are the median values for each. The plot
color and style definition are identical in Fig. 4-5 to those in Fig. 3-16. The experimental plots placed on
the 3D graph could be categorized into two, located over and beneath the critical stress plane for pore
growth. That is, the plots for TST (I)—(III) are placed over the plane, whereas those for NBT (I)—~(III) and
TST (IV) is placed beneath the plane. Note that the two groups divided by the critical stress plane are
identical to those divided using the DP shown in Fig. 3-16. This result means that the s-Ag subjected to
severe environments over the critical stress plane shows aging originating from pore growth. Therefore, it
can be concluded that the DP proposed in this study is effective for separately evaluating the s-Ag

degradation phanomena originating from only cracking and the combination of cracking and aging based
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on pore growth.
Table 4-2 Input parameter for plotting.

Inner stress of Fig. 4-3X a

o : (MPa) (a=2.2) 116
. 80 (NP)
r+(nm) 140 (NMP)

Eq
D (x) X e ¥
D mifsee) D ()=12% 10
E,=70kJ/ mol 217.18]

TST: 150, 100 °C

T:(°0) NBT: 150 °C
¢ (sec TST: 1.8 X 106
: (sec) NBT: 1.8 X 105

Pore growth |,

Fig. 4-5 Pore growth criterion plane together with plots of each test condition as a function of

initial pore size r, and diffusivity with D¢/T-showing s-Ag die attach reliability criterion.
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4-3. In-situ s-Ag pore growth observation

This section describes the pore growth transition for experimentally understanding the s-Ag pore growth
mechanism in more detail. The In-situ SEM tensile testing system was adopted to clarify the s-Ag pore
growth transition phenomena. Fig. 4-6 shows an In-situ SEM tensile testing overall photographs and an
enlarged view of the test specimen part. This system comprises the conventional SEM system (Hitachi
High-Technology, S-4800) and the original tensile testing system (SUNYOU, NPS T21066). The original
tensile system includes the force sensor arm (3 N+3mN) attached to the probe (diameter: 300 pm), the
micro heater, and two actuators for driving the stage and force sensor motion. Two actuators are driven
by the PZT motor (stroke: 40 pm, resolution: 1 nm, speed: 0.05-0.5 pm/sec) and the stepping motor (stroke:
15mm, resolution: 0.5 um, speed: 5 pm/sec). The basic specimen appearance is identical to Fig. 2-8 using
Si spring configuration. The specimen is mechanically chucked and fastened by two screws to bind the
specimen onto the stage, as shown in Fig. 4-7 (b). Also, two half-frame metal plates can guide the
specimen's position. The probe located under the Si frame hole can be motion-controlled with the red
arrow direction by the external software, as shown in Fig. 4-7 (b). The experiment condition is listed in
Table 4-3. The s-Ag specimen was fabricated by the NP at 300°C for 10 min under the process pressure
of 60MPa. The experiment temperature was set at 300°C, which was higher than the temperatures in the
TST. The diffusivity with the D#/T value, as introduced in section 4-2-2 at 300°C conditions, reaches the
value order at 10~"" under 20 minutes considering the input parameter as listed in Table 4-2. Consequently,
the proposed tensile test condition potentially gives rise to the s-Ag’s pore growth under tensile stress with

a quasistatic speed condition, which is the same strain speed order value of TST and NBT.

Table 4-3 Experiment condition

Material | Process | Atmosphere (pa) Temperature (°C) Stral(:_ls)peed
300 °C

NP s-Ag | 10 min 8 x 104 300 8 x 10
60 MPa
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(a) In-situ SEM tensile testing system overview

ety | P
L ]
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Fig. 4-6 In-situ SEM tensile tester photographs (a) Overall photograph (b) Specimen attachment

appearance.
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Fig. 4-7 shows a specimen process procedure schematic view. First, the s-Ag film with a 20 um thick
specimen cut by an ultraviolet laser marker (KEYENCE Japan, 3-Axis UV Laser Marker MD-U1000) as
shown in the top line in Fig. 4-7. The s-Ag specimen was introduced into the focused ion beam (FIB) tester
(Hitachi High-Technology, SMI3050) to prepare the crack path for microstructure observations during
tensile testing. Second, the notch acted as a stress concentration point was fabricated by the gallium (Ga)
ion implantation, as illustrated in the middle line of Fig. 4-7. However, the s-Ag specimen’s pore at around
the crack tip can not observe well from the top view due to the surface roughness of the specimen surface
at this stage. Therefore, the Ga ion is irradiated with an incline angle of 30° from the horizontal axis, as
shown in the bottom right image of Fig. 4-7. The surface smoothness is enough for observing the pore
from the top view on the s-Ag specimen surface by the SEM tester. The FIB beam condition is listed in

Table 4-4.

Cross section view

Top view (Red arrow: Ga Ion beam)

60 pm

20 pm

(Process 1)

20 pm 40 pm

___________

Notch
»

[\ ﬂ’“ess

30

| o

Pl
b

Crack tips

Fig. 4-7 Specimen fabrication steps
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Table 4-4 FIB process condition

Process 1 Process 2
Acceleration 30 kV
voltage
Beam 13 nA 0.7 nA
current
Beam
diameter 2000 pm 60 pm

Fig. 4-8 shows snapshot SEM observation photographs during tensile testing. The SEM observation
area was set at 10 wum x 7 pm. The right line in Fig. 4.8 shows an enlarged view of the snapshot image as
a characteristic morphology image in the SEM observations. The pore is almost uniformly distributed in
the SEM images, as shown in step 1 of the s-Ag specimen's initial state. The crack tips and neighbor pore
relations are shown in an enlarged dash-square area of the step 1 SEM image. Then, the crack progresses
upwards, and the pore is gradually grown, which shortens the distance between the crack tip and the grown
pore, as shown in step 2 enlarged view. The local stress intensity is considered to be high in this area from
the high stress distribution surrounding the high local pr, as shown in Fig. 2-23. Consequently, the local
pore growth rate is considered to be high in this region. After that, the crack and the pore are merged into
one new crack, as shown in step 3 images. The location relation between the new crack and the next
neighbor pores are shown in the enlarged view of step 3 (b). The neighbor pore to the crack tip indexed as
Pore 1 grew up at step 4. Finally, the crack is merged with Pore 1 into the new crack, as shown in step 5.
In addition, Pore 2 and Pore 3 are also grown up to compensate for the distance between the grown pore
and the main crack, as was the almost same tendency from steps 2 to 3. The In-situ SEM observation
results during tensile force at 300°C clarify that the overall crack propagation speed was not shown at a
constant speed because the pore surrounded by the crack is simultaneously grown originating from the
local high stress concentration at high temperatures. Consequently, the overall crack propagation speed

with a pore growth case would be high compared to the speed of straight crack progress only.
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Fig. 4-8 In-situ SEM observation results
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Overall

Local

Fig. 4-9 Fracture surface SEM images (Upper side: Overall SEM image. Downside: Fracture

surface image with local area)

Fig. 4-9 shows SEM observation results after the fractured s-Ag specimen. Upperside and downside
images indicate the overall and local SEM observation results, respectively. The crack direction shows a
wavy path, as shown in the overall observation result. In addition, many protrusion shapes of grain can be
observed on the fracture surface. These protrusions indicate that the local plastic deformation would be
actively occured during tensile testing. The fracture surface morphology of the local area shows a granular
surface like, whish shows almost the same result at the temperature of 150°C with Fig. 2-28. The local

plastic deformation of individual s-Ag particle would be occurred during the In-situ tensile testing at 300°C.
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Fig. 4-10 shows microstructure image analysis results after cross-section treatment, as Appendix B
explains. In addition, the initial microstructure of s-Ag and TST((I): —40 to 150°C) after 1000 cycles are
also shown as a reference structure, which was already shown in Fig. 3-11. Pores indicate a red-colored
portion in Fig. 4-11. Both pore size and crystal size were found to be grown after the Insitu-SEM test at
300°C. The grown pore is located along with the grain boundary region. The microstructure characteristic
shows a similar trend with the results of TST (I) after 1000 cycles. That is, the pore growth during TST is
experimentally clarified that pore diffused to grow at the grain boundary in high temperatures by applied

tensile stress [17, 18].

After TST (I) After tensile test

Initial (_40 to 150°C 1000 cycles) (300°C)

NP
60MPa
300°C
10min

Fig. 4-10 Microstructure image analysis comparison results of initial, after TST 1000 cycles (<40
to 150°C), and after the In-situ tensile testing at 300°C. (Red: Pore.)

4-4. Opverall s-Ag die layer degradation mechanism

Fig. 4-11 shows a representative cross-section SEM image of TST (I) with NP DAAs after 200, 500,
and 1000 cycles to clarify fracture mode transition with pore growth case in TST. After 200 cycles in NP
DAAs, the inclined crack starts at the left corner edge of the s-Ag layers. Then the crack stops in the middle
of the s-Ag layer. The microstructure of s-Ag has not changed from the initial state. After 500 cycles, the
cracking path horizontally progresses along with the substrate, not showing the wavy cracking. However,
pore growth associated with crystal growth started after 500 cycles, as shown in the microstructure analysis
results. The merging speed between the crack and the neighbor pore would gradually increase around this
cycle due to the high stress intensity around the pore. After 1000 cycles, the crack mode shows mixed

modes, such as straight cracking and wavy cracking. Significantly grown pores are closely located in the
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inner portion of the wavy crack to form like a pre-crack. The other observation results are referred with

Appendix G, H and L.

200 pm

Initial

Fig. 4-11 Representative cross-section SEM image of TST (I) with NP after 200, 500, and 1000
cycles. Microstructure image analysis results in red frame regions depicted in the SEM cross-section

images (Red: Pore).

Fig. 4-12 shows an overall fracture mode schematic image as a function of cycles based on the cross-
sectional observation results and pore growth discussed in Chapter 4. The upper images illustrate the
fracture mode caused by mechanical and thermal stresses associated with TST at temperatures ranging
from —40 to 150°C. The lower images show the fracture mode caused by only mechanical stress related
to NBT.

First, a crack generates at the upper left corner edge of the s-Ag die layer, where the stress is concentrated
after specific cycles. Then, the crack progresses with an incline angle in both cases. Second, cracking
progresses along with the horizontal way associated with the maximum shear stress direction at the tip of
the crack. The horizontal crack speed is well associated with the value of DP, which is defined in section

3-2-5. Apparent cracking behavior is observed regardless of the test type up to the middle stage at around
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500 cycles. However, in the case of thermal and mechanical stresses, material aging associated with pore
growth is due to tensile tension at a high temperature at the inner part of the s-Ag layer, as shown in the
third line illustration of the upper side. Finally, conventional mechanical crack with a straight direction
would merge with new cracking originating from pore growth, which accelerates and destabilizes the
overall cracking speed. In the case of mechanical stress only, the crack still progresses with a straight line
at a steady speed because the overall horizontal crack speed would not be affected by the pore growth at

the s-Ag layer inside.

| Mechanical & Thermal ‘

Cycle

Cycle

Mechanical crack progress

l e
Fig. 4-12 Overall fracture mode schematic images as a function of cycles (Upper side: Thermal

and mechanical stress. Lower side: Mechanical stress.)
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4-5. Conclusion

In this Chapter, the cause of categorizing into two groups in Fig. 3-16 was considered from the
viewpoint of microstructure physics. First, in exploring the cause of pore formation, MD calculations were
performed to seek the cause of pore growth. MD simulations indicated that when a certain amount of
tensile stress was applied to the pore configuration under a certain time and at a high temperature, more
atoms moved through the grain boundary to promote pore growth. Based on the stress distribution results
from FEAs, the tensile stress was induced at the s-Ag layer of DAAs during TST and NBT except for that
at —40°C to 100°C. The pore growth criterion plane was derived from the equation originating from the
classical pore growth theory. The criterion plane signified about the relationship between stress, o; around
a pore; intial pore size, r; and diffusion effect, D#/T, where ¢ is the time at the highest temperature applied
during TST and the time at the stress applied during NBT. ¢ necessary for pore growth depends on D#/T
and r, which can decrease with the increase of the two values. Increasing D#/T indicated the activation of
diffusion around a pore by increasing temperature or stress-induced time. Based on the criterion plane,
TSTs were plotted over the criterion plane, whereas NBTs were plotted beneath the criterion plane. The
two groups divided by the critical stress plane were identical to the two groups divided by using the DP
shown in Fig. 3-16. Therefore, the DP proposed in this study worked well for separately evaluating the s-
Ag degradation phenomena originating from cracking only and the combination of cracking and aging
based on pore growth or not. The In-situ SEM tensile testing with 300°C at quasistatic speed can reveal
the relation between the s-Ag pore growth and the crack tip. The pore growth occurred around the crack
tip, where the local stress intensity was considered to be high. After that, the crack tips and the grown pore
are merged into the new crack. In addition, the pore growth was occured with the grain boundary after the
In-situ SEM testing, which shows similar morphology to the TST. It was experimentally revealed that the

tensile stress gave rise to the pore growth during TST at high temperatures.
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5. Conclusions

Given the increasing demand for high-power-density power module products, a new die-attach material
with high heat conductivity and meting point could be utilized as a WBG die-attach material. The s-Ag
bonding technique has attracted so many researchers. The driving force of Ag sintering originates from the
reduction of high surface energy with each Ag particle, which allows us to die bonding at low temperature
ranging from 200°C-300°C. However, pores are inevitably included in the s-Ag layer to make a gas
pathway to outside during sintering. Furthermore, the physical property of s-Ag exceeded the conventional
die material of solders.

Fig. 5-1 show the conventional power module production flow overview from a thermal design,
prototyping, and thermal reliability test. First, material configuration was determined on the basis of
simulation results to satisfy the specification requested from customers. At that stage, products could
virtually optimize the power module configurations. Second, prototype a product in accordance with the
simulation results. The initial bonding state is checked by SAT, that is, the bonding area shows no
delamination. Finally, the bonded layer is commonly assessed through a reliability test. Furthermore, TST
that evaluates heating and cooling between low and high temperatures includes severe reliability tests for
products. The TST temperature profile has been commonly adopted between —40°C and 150°C with a
trapezoid waveform for 60 min per a cycle and then repeated up to 1000 cycles. The total assessment time
costs about 2 months for one testing. After 1000 cycles, the die delamination ratio should be suppressed
under 20%. The most compelling issue was the lack of knowledge against the s-Ag die failure of physics
during TST. Therefore, if the reliability design could not be performed properly, then it would be
meaningless regardless of how the virtual side is designed. Furthermore, if the production process goes
back to the origin state and revise the configuration, then die failure would reoccur after the TST. The

production cycle continues with infinity by only wasting of resources.
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This study experimentally investigated the s-Ag mechanical reliability for clarifying the s-Ag
degradation mechanism during TST. In this study, two types of pastes (NP [Ag particle: 18 nm] and NMP
[Ag particle: 23, 148, and 5023 nm]) were used as the starting s-Ag material. The sintering condition was
set to 300°C for 10 min under 60 MPa pressure to reduce the pore. After sintering, NP possessed a pore-
sized microstructure and grain compared with those in NMP originating from the only nanosized Ag
particle. NP and NMP films were conducted by quasistatic tensile testing at RT, 100°C, and 150°C. NP
possessed a large ductility region at 100°C and 150°C. Consequently, minute microstructure affected good
durability against applied tensile stress. The mechanical reliability evaluation was expanded from films to
DAAs. The results of the FBT indicated that s-Ag die layer degradation was attributed to the maximum
shear stress at high temperature. In understanding the overall s-Ag degradation mechanism, the author
newly proposed that NBT can apply out-of-plane deformation as TST like. The degradation of the s-Ag
layer after TSTs and NBTs was evaluated by SAT for the delamination ratio. Cross-sectional SEM was
utilized to observe the s-Ag layer failure mode. In ordering the s-Ag delamination ratio between TSTs and
NBTs, a new parameter of DP was proposed. DP is defined as the ratio of the accumulated plastic APS to
plastic strain, &,, originating from uniaxial tensile testing at the highest temperature in each condition. The
SAT results reveal that less stress conditions originating from the use of a thin substrate or thick s-Ag layer
during TST and applying less force variation suppressed the s-Ag delamination ratio in NP and NMP
DAAs. Cross-sectional SEM observation demonstrates that mechanical cracking and material aging in the
s-Ag layer coexist after TST at —40°C to 150°C. The proposed DP could separately approximate the

delamination ratio between wavy-crack-included and non-included samples. The MD and FEA
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simulations indicated that some tensile stress and temperature were necessary for pore growth inside the
s-Ag layer. In addition, the pore growth was observed along with the crystal boundary after In-situ SEM
tensile testing with 300°C at a quasistatic speed. It was clarified that the pore growth during TST originated
from the tensile stress at high temperatures. The DP was useful for separately evaluating s-Ag degradation
with and without aging originating from pore growth. The evaluation method using the DP can lead to
future reliability design methodology for die attach.

Fig. 5-2 shows the new production flow overview. The most divergent points from conventional
methodology could indicate the reliability evaluation methodology into the new production flow. In the
new production flow, after the evaluation of virtual designing, the calculation of the DP process and
evaluation of DAA delamination by NBT are newly added. During DP evaluation, the film specimen of
the die material was fabricated, and then tensile testing was performed to investigate &, for deriving DP. In
addition, APS is calculated by FEA in accordance with the external condition of the reliability experiments.
Planned DA As will satisfy the definition of failure or not by comparing the calculated DP with the graph
shown in Fig. 3-16 in the case of s-Ag at that stage. If DP value exceeds 0.18, then the process should go
back to the origin stage to reconstruct the configuration. By unifying the awareness of the user and
production sides, the cycle of material development will leap forward at an accelerated pace. After the
prototype DAAs, the bonding state is checked by SAT, confirming no delamination in the bonded layer.
Then, DAASs are evaluated by using the NBT proposed in this study, resulting in fast die delamination
evaluation. NBT can work well for screening the DAAs with very short time within 2 or 3 days. If the die
layer satisfies with lifetime, then TST is performed for DAAs. However, the process will not return to the
origin state because the die delamination design can be already attained. Therefore, the production cycle
can be achieved rapidly and efficiently because of the production flow based on the die failure of physics.

Further validations are necessary for the application of next-generation die materials used for sintered
Cu bonding, cold-rolled Ag solid-state bonding, and transient liquid-phase bonding. Each material DP and
delamination ratio relation should be performed. Combining WBG devices and excellent physical
properties of die material will lead to new concepts of application products. This fruition will drastically

change human life with convenience, which satisfies the social needs.
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Appendix

A. Packaging product trends

Fig. A-1 shows the products' appearance together with each product's cross-sectional structure. The

trend is shifted from single-side cooling to double-side cooling packaging for enhancing power density.

On the contrary, the double-side cooling package cost is high. Then, an advanced single-side cooling

module is also one of the candidate structures, as depicted in Fig. A-1. In the near future, the die part will

be entirely replaced from solder material to sintered Ag material to enhance the cooling performance.
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B. Micro structure observation methodology

The microstructure of the s-Ag analysis methodology is introduced here to characterize the pore and
crystal states of NP and NMP s-Ag specimens, as shown in Fig. B-1. To get analytical results with high
quality, the preprocessing for smoothing surface of specimen should be paid much attention at most. Fig.
B-1 shows the flow for observing the s-Ag microstructure. For the first step, the sample is cross-cut by a
blade dicing machine (Struers, Accutom-10). The holders clump the specimen. Then the sample was cut
by the rotated blade. For the second step, the sample is encapsulated with a resin block. The resin powder
(KULZER, Technovit 4004 powder) and cure resin liquid (KULZER, Technovit 4004 liquid) are mixed
in the cup. Then, the specimen is dipped in the liquid resin so that the observation surface contacts well
with the bottom surface of the cup. After around 10 min, liquid resin is chemically reacted to be cured.
After confirmation of the solidity in the resin block, then the solid resin block can be detached from the
cup. For the third step, the resin-encapsulated surface was polished with abrasive in the water base
suspensions (Struers, Labosystem). Then, the buffing polish was carried out by mono-crystalline diamond
slurry solutions. Flat ion milling is utilized for the fourth step to planarize the sample surface (Hitachi High-
Technology, IM4000). In this treatment, the Argon ion beam irradiates against the sample surface at an
angle. Then, the sample and beam center position are eccentrically aligned to get a wide irradiation area of
the sample. Irradiation angle can be set from 0 to 90°. When set the angle is above 80°, the ion beam
irradiation direction is almost parallel to the surface. Consequently, reduced unevenness formation can be
obtained. For the fifth step, microstructure observation is utilized by two testers. First is the field emission
scanning electron microscope (FE-SEM) tester (Hitachi High-Technology, S-4800). In this tester, a
secondary electron or backscattering electron launched from the target sample is utilized to detect surface
morphology from nanoscale. Second is the focus ion beam (FIB) tester (Hitachi High-Technology,
SMI3050). Gallium (Ga) ions are generated from a Ga liquid metal ion source by the electric field of the
extraction electrode and accelerated by the cathode electric field. The generated ion beam is focused on
the sample by two sets of electrostatic lenses (condenser and objective lenses). When irradiated at the solid
surface, the secondary electrons are generated from the surface, which can produce an image contrast
according to the crystallographic orientation of each grain. The image is called a scanning ion microscope
(SIM) image. Although electron beam irradiation by FE-SEM is also obtained in such a contrast image,

the contrast degree is lower than the contrast in the SIM image.

146



1~4. Preprocessing
1. Cutting

2. Encapsulation

4. Ion milling

[= 7

\

r S. Analysis

e

Fig. B-1 Micro structure analysis methodology flow.
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Table B-1 is listed of each process condition performed in this study.

Table B-1 Processing condition.

Process Treatment specification

1. Cutting Rotation: 3000 rpm
Moving speed: 0.05mm /sec

2. Encapsulation | Cure resin liquid: 5 ml
Resin powder: 1.5 g

3. Polishing Step.1

Water polish: 300rpm, #300, #800, #1200, and #2000)
Step:2 Diamond colloid polish: 150rpm:

Diamond diameter: 9um, 3pm, 1pm

4. Ton milling Flat milling

Beam irradiation angle: 80°
Acceleration voltage: 4.5 kV
Ar gas flow: 0.07 cm? /sec
Irradiation time: 20 min

5.FIB Acceleration voltage: 4.5 kV

Beam diameter: 13nm

Beam current: 10pA

Surface sputtering: Continuous scan for 20 sec

5. SEM Acceleration voltage: 1.5 kV

Extra voltage: 4.5 kV

Detection: Secondary ion

Beam current: 10pA

(Tilting angle: 30° for fracture surface)
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C. Image analysis methodology
Fig. C-1 shows the image processing methodology from raw SIM or SEM images to distinguish pore
and crystal boundaries for numerical analysis.
1. Obtaining the SIM observation results (10pum window view).
Extract pores from the SIM image by myself with care.
The crystal line is strengthened by myself.

Overlay pore image and crystal grain boundary line image.

“wnook W

Numerical analysis by image software (WaferMaster, Picman).

1. Raw SIM image

«—

2. Void extraction

.
’ .
0 @ . .

|
4. Overlay image

I[ Analysis by software }7

p—
et S o |
Gwon oA rea - Perimeter

Rotason

Fig. C-1 Image analysis flow.
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D. NBT set up methodology
This Appendix section describes the NBT setup as a procedure to stabilize contact between pins and
substrate surface. Fig. D-1 shows the NBT system photograph and illustration of the cross-section

schematic view following each setup procedure.

Experiment methodology step

1. Each spring was installed into the support jig basement holes, respectively. A guide plate with a hole
was placed onto the support jig by fastening two screws. The guide plate displacement was centered
at the support jig surface, which could guide for centering the interconnection on the base jig.

2. Die attached assemble (DAA) was flipped to place onto the freestanding pins guided by the hole metal
plate. (Spring state was the natural length.)

3. A metal plate was placed from the above direction for the contact between flipped DAA and each
pin. This compressive stress shrank each spring through each pin. Even if the substrate deforms with
warpage, the spring can be shrunk to absorb the substrate height differences. Then, the screw was
fastened from the top side to keep the position. Finally, two screws per pin were fastened from the
side parts. Each pin height could be completely optimized at this stage.

4. Finally, the metal plate was detached to be ready for performing NBT.
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Fig. D-1 NBT setup procedure schematic view.
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E. NBT interconnection optimization
For NBT, bonding optimization is so important. First, the copper substrate for bonding was employed
as was used in TST. However, the substrate was broken up during NBT due to the plastic deformation

accumulation in the Cu substrate, as illustrated in Fig. E-1.

- & .
” £ |
- l

Crack progressed into Cu substrate

Fig. E-1 NBT failure experiment with Cu substrate interconnections.

Then, the substrate material was changed from Cu to 64Ti. As stated in Chapter 3, 64Ti has a high yield
stress, but the same Young’s modulus as Cu, which equals 64Ti, has a wide elastic range. For obtaining
enough bonding strength between the s-Ag layer and 64Ti substrate, Ag plating on the substrate was
necessary. However, Ag plating on 64Ti could not be s-Ag bonded, as shown in Fig. E-2. Hence the 64Ti
substrate surface quickly oxidized, then the adhesion between the Ag electro plate film and 64Ti substrate
became so weak. As a result, delamination occurred during the SiC chip bonding with temperature
elevation. Therefore, it is essential to prevent making an oxidized layer onto the 64Ti substrate surface
during the fabrication of Ag electroplating. During the air atmosphere, the electroplating process is severe

for preventing oxidation on the 64Ti substrate.

Fig. E-2 Ag electro plating failure with 64Ti substrate.
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Then, the sputtering process was employed under high vacuum conditions to improve the adhesivity
between Ag and 64Ti surface. Optimized process flow of sputtering Ag on the 64Ti was illustrated in Fig.
E-3. First, the 64Ti substrate was cleaned by Ar gas irradiation. Then, Ti was sputtered onto the 64Ti
surface. After that, Ag sputtering was performed on the surface. SiC chip die bonding treatment was the

same as the conventional treatment. As shown in Fig. 3-10 (b), the perfect bonding could be confirmed.

1. Cleaning process 2. Ti sputtering 3. Ag sputtering 4. Sintering

SiC

O o A
O
Die
®\4 ? Ag-sputter Ag-sputter
64 Ti 64 Ti 64 Ti 64 Ti

Fig. E-3 Optimized process procedure for Ag sputtered on 64Ti substrate.
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F. AT results of all images after TST, NBT
Appendix F presents all SAT images according to Fig. 3-10.

(I) TST (-40-150°C, s-Ag (50um thick), Cu (2mm thick)
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Fig. F-1 SAT images of TST (I). (Upper images: NP DAAs and downside images: NMP DAAs)
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(I) TST (-40-150°C, s-Ag (50um thick), Cu (Imm thick)
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(IT) TST (-40-150°C, s-Ag (100pm thick), Cu (2mm thick)
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Fig. F-3 SAT images of TST (III). (Upper images: NP DAAs and downside images: NMP DAAs)
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(IV) TST (-40-100°C, s-Ag (50um thick), Cu (2mm thick)
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Fig. F-4 SAT images of TST (IV). (Upper images: NP DAAs and downside images: NMP DA As)
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(V) Temperature storage test (150°C) , s-Ag(50um thick), Cu (2mm thick)
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Fig. F-5 SAT images of temperature holding test (V). (Upper images: NP DAAs and downside
images: NMP DAAs)
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(I) NBT (0-300N, s-Ag (50um thick), 64Ti (1mm thick)
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Fig. F-6 SAT images of NBT (I) images. (Upper images: NP DAAs and downside images: NMP
DAAs.)
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(IT)y NBT (0-270N, s-Ag (50um thick), 64Ti (1mm thick)
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Fig. F-7 SAT images of NBT (II) images. (Upper images: NP DAAs and downside images: NMP
DAAs.)
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(IIT) NBT (0-240N, s-Ag (50pum thick), 64Ti (1mm thick)
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Fig. F-8 SAT images of NBT (III) images. (Upper images: NP DA As and downside images: NMP

DAAs.)
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G. Micro structure analysis results of all images after TST and NBT

Fig. G-1 depicts NP’s representative SIM image analysis results with each portion with edge, middle,
and inner after 1000 cycles in TST and NBT. The index number corresponds to the SAT images. The
Greek number means TST condition, and Arabic numerals correspond with the sample number as depicted
in Appendix F. Pink frame indicates pore and crystal growth. Significant pore and crystal growth could be
observed in TST of (I) and (II) with —40 to 150°C. Significant crystal growth could be observed in TST of

(1IT) with —40 to 150°C. Whereas NBT results showed no considerable pore or crystal growth.
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Fig. G-1 SIM image analysis results after 1000 cycles of TSTs and NBTs with NP DAAs. (Red

portion: Pore. Pink frame: Pore growth.)
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Fig. G-2 depicts NMP’s representative SIM image analysis results with each portion with edge, middle,
and inner after 1000 cycles in TST and NBT. Pink frame meaning and sample number definition are

identical to those in NP results. Significant pore growth can be observed in TST of (I) and (II) with 40 ~
150°C.
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H. Fracture mode transition
Fig. H-1 shows representative cross-section SEM images of TST (I) in NMP after 200, 500, and 1000

cycles. For 200 cycles, an inclined crack appeared at the left edge of the s-Ag layer, and then the crack was
horizontally propagated along with the substrate. After 500 cycles, the crack is horizontally progressed
with a straight, then, the crack direction is changed to an upwards direction in the middle. The local
microstructure is not changed up to 500 cycles. After 1000 cycles, the straight crack changes to a wavy
crack in the middle. In addition, a pore is significantly grown around the wavy crack region. It was
confirmed that significant pore growth would happen after 1000 cycles, as is the same condition with the
NP DAA:s.

500 cycles

Fig. H-1 Representative cross-section SEM image of TST (I) with NMP after 200, 500, and 1000
cycles. Microstructure image analysis results in red frame regions depicted in the SEM cross-

section images (Red: Pore).
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I. Fracture mode transition after TST(II)

Fig. I- depicts representative cross-section observation results of TST (II) after 200, 500, and 1000 cycles
in NP DAAs. An incline crack was generated at the corner of the chip part in 200 cycles, as was the same
morphology as in TST (I), as shown in Fig. 4-6. However, a wavy crack was already seen in 500 cycles at
the end of the incline crack portion. Then the wavy crack area enlarged at 1000 cycles. Significant pore
growth has already been seen in 500 cycles. That would be associated with the straight crack speed
difference between TST (I) and TST (II). The straight cracking speed in TST (II) is lower than the speed
in TST (D). Then, the time for stress concentration at the front of the crack gets long. As a result, the pore

growth would be readily given rise in the TST (II) case. From the viewpoint that delamination ratio in the

TST (II) was smaller than the delamination ratio in the TST (I), as shown in Fig. 3-12, the mechanical

crack mainly contributed to the overall delamination area.

Fig. I-1 Representative cross-section SEM image of TST (II) with NP after 200, 500, and 1000
cycles. Microstructure image analysis results in red frame regions depicted in the SEM cross-section

images (Red: Pore).
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Fig. I-2 shows microstructure analysis results of SIM images. The overall tendency of TST (II) in NP
was similar with NP of TST (I) that crystal, pore size increases with increasing the number of cycles. NMP
pore is grown up at 1000 cycles of inner portion. That is, 500 cycles of TST (I) and (II) in NP was the

inflection point that the s-Ag locally aged or not. In NMP, aging was occurred after 1000 cycles at least in

both TST (I) and (II).

Fig. I-2 Representative cross-section SEM image of TST (ITI) with NMP after 200, 500, and 1000
cycles. Microstructure image analysis results in red frame regions depicted in the SEM cross-section

images (Red: Pore).
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