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Abstract
Die-attachment, as the first level of electronics packaging, plays a key role for the overall
performance of the power electronics packages. Nanosilver sintering has becoming an emerging
solder-free, environmental friendly die-attach technology. Researchers have demonstrated the
feasibility of die-attachment on silver (Ag) or gold (Au) surfaces by pressure-less or low-pressure
(< 5 MPa) nanosilver sintering. This study extended the application of nanosilver sintering dieattach technique to copper (Cu) surface. The main challenge of nanosilver sintering on Cu is the
formation of thick Cu oxide during processing, which may lead to weak joints. In this study,
different processes were developed based on the die size: for small-area dice (< 5 × 5 mm2),
different sintering atmospheres (e.g. forming gas) were applied to protect Cu surface from
oxidation; for large-area dice (> 5 × 5 mm2), a double-print, low-pressure (< 5 MPa) assisted
sintering process was developed. For both processes, die-shear tests demonstrated die-shear
strength can reach 40 MPa.
The effects of different sintering parameters of the processing were analyzed by different
material characterization techniques. With forming gas as sintering atmosphere, not only Cu
surface was protected from oxidation, but also the organics in the paste were degraded with
nanosilver particles as catalyst. External pressure applied in the processing not only increased the
density of sintered Ag, but also enhanced the contact area of sintered-Ag/Cu interface.
Microstructure of Ag/Cu interface were characterized by transmission electron microscopy

(TEM). Characterization results indicate that Ag/Cu metallic bonds formed at the interface, which
verified the high die-shear strength of the die-attachment.
Thermal performance of nanosilver sintered die-attachment on Cu was evaluated. A system was
designed and constructed for measuring both transient thermal impedance (Zth) and steady-state
thermal resistance (Rth) of insulated gate bipolar transistor (IGBT) packages. The coefficient of
variation (CV) of Zth measurement by the system was lower than 0.5%. Lead-free solder (SAC305)
was applied in comparison of thermal performance with nanosilver paste. With same sample
geometry and heating power level, nanosilver sintered joints on Cu showed in average 12.6%
lower Zth and 21.1% lower Rth than SAC305 soldered joints. Great thermal performances of
nanosilver sintering die-attachment on Cu were mainly due to the low thermal resistivity of
sintered-Ag and the good bonding quality.
Both passive temperature cycling and active power cycling tests were conducted to evaluate
the reliability of nanosilver sintered joints on Cu. For passive temperature cycling tests (-40 – 125
°C), the die-shear strengths of mechanical samples had no significant drop over 1000 cycles, and
nanosilver sintered IGBT on Cu packages showed almost no change on Zth after 800 cycles. For
active power cycling test (Tj = 45 – 175 °C), nanosilver sintered IGBT on Cu assembly had a
lifetime over 48,000 cycles. The failure point of the assembly was the detachment of the
wirebonds. Great reliability performances of nanosilver sintered die-attachment on Cu were
mainly due to the low mismatch of coefficient of thermal expansion (CTE) between sintered-Ag
and Cu. Meanwhile, low inter-diffusion rate between Ag and Cu prevented the interface from the
reliability issue related to Kirkendall voids, which often took place in tin (Sn) -based solder joints.
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Chapter 1
Introduction
1.1 Overview of power electronics packaging
1.1.1 Development trends of power electronics
Nowadays, environment conservation is becoming a pervasive concern. Carbon
emissions from fossil fuels consumption generate greenhouse effect, which has become a
significant global crisis. Multiple government polices form United States and Europe were
funding researches related to alternative renewable energy sources [1-5]. Providing energyefficient solutions for various products is becoming increasingly important due to limited
energy resources and climate changes. Energy generation and handling rely heavily upon
power conversion and storage technologies [6-9]. It therefore can be anticipated that power
electronics conversion technologies will be increasingly developed and utilized more and
more in the applications of energy generation and handling.
Over decades, the technology of power electronic semiconductors has made significant
progress, especially for increasing the power density [10-13]. The increase of power
density is mainly achieved by increasing the power device switching frequency, which
helps reduce the sizes and weights of passive components (capacitors, inductors, and
transformers, etc.) [14]. The state-of-the-art silicon (Si) power devices are dominating
today’s power conversion systems. Typical switching speed of Si devices is below 50 KHz.
It is rational to look for faster switches in power converters to further improve the power
1

density [15, 16]. Wide bandgap (WBG) power semiconductor devices will ultimately be
essential elements for power conversion due to the advanced system dynamic
characteristics, overload capability, device ruggedness, and thermal and electrical
performance [17-25]. Take silicon carbide (SiC) for example, the material has a critical
electric field of 2.0 MV/cm, which is one order of magnitude higher than Si. The blocking
capability of SiC power devices is much higher than Si devices, which allows much thinner
die design and more highly doped drift layers, thus lower on-state resistance can be
achieved. Meanwhile, the high thermal conductivity of SiC (4.9 W/cm⋅K) improves the
heat dissipation capability of device itself. With wide bandgap energy (3.3 eV) for SiC, the
devices have the potential of high-temperature (> 300 °C) operation [26-28]. All of these
advantages have made SiC power devices an ideal substitution for Si in future applications
to meet the high power density requirements.
1.1.2 Challenges of power electronics packaging
The development of power electronics packages not only depends on the development
of power device but also relies heavily on the packaging technologies. Several challenges
of power electronics packaging are discussed in this section.
(a) Challenges from high density integration
For consumer electronics industry, semiconductor device manufacturing technology is
continuously focusing on miniaturization. Power semiconductor system on chip (SOC) is
the integration of several heterogeneous technologies (analog, digital, MOSFETs, etc.) into
a single Si chip [29-31]. Metal interconnect system inside SOC continues to become
thinner, which lead to a significantly increased of current density. With larger current,
electro-migration (EM) issues will be more significant, and new interconnect alternatives
2

will be developed in the future [32]. In respond to the die shrinkage, the pitch of power
wafer level chip scale packages (CSP) will move from current 0.5 toward 0.4 mm [33-35].
Copper (Cu) wire-bonding is a promising technology which can form smaller wire bond
pitch. The heat dissipation will also become a very critical and significant challenge.
Finding a high efficiency heat dissipation solution for packaging is necessary.
(b) Challenges from new power devices
SiC is one of the most promising semiconductor materials that will be used to replace
Si in future power electronics. In general, SiC devices are capable of operating at a much
higher junction temperature over 500 °C, as compared to a typical 150 – 200°C junction
temperature limit of Si devices. The increased operating temperature and the very high
thermal conductivity of SiC can reduce the weight, volume, cost, and complexity of
thermal management in the packaging design [36, 37].
Gallium Nitride (GaN) devices have a theoretical limit for a vertical device even lower
than SiC. Harvesting that performance is not yet possible due to the lack of single crystal
GaN substrate with a reasonable cost. GaN devices today are lateral, so they have
limitations such as high surface electric fields, susceptibility to voltage transients, on-state
instability due to charge accumulation in the off-state, and usually normally-on operation.
Nevertheless, GaN devices do show promise for future medium voltage and current
applications [38-42].
There will be continuous progress to fully explore the benefits of new semiconductor
materials, in order to achieve system-level improvement in the weight, size, efficiency,
performance, and even possibly the overall cost of the power electronic products. Such
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trends require significant progress on the packaging technologies in support of these new
devices.
(c) Challenges from packaging materials
Development of new packaging materials to support power device is critical and
challenging. Generally, the electrical, thermal and reliability performances of a power
device package depend heavily on packaging materials and their processing [43-46]. Fig.
1.1 shows a schematic of a simplified single device packaging structure. The packaged
device typically contains several parts as follows.
1. Power device − bare die, the core of the package, such as Si transistor;
2. Multi-layer substrate − for electric connection and insulation, such as direct-bondcopper (DBC) and direct-bond-aluminum (DBA);
3. Die-attachment − mechanically bond the bare die to substrate, such as solder alloys
and electrical conductive adhesives;
4. Interconnections − for the electrical interconnection between dice and designed
substrate patterns, such as aluminum (Al) or gold (Au) wirebonds;
5. Encapsulant − dielectric materials for sealing the whole packaging, such as silicone
gel;
6. Plastic case and cover − thermoset and thermoplastic polymer materials;
7. Heat sink – for effectively cooling of the whole package, such as Cu or Al metal
blocks.
All the parts are integrated after all packaging processes. Selection of packaging
materials involves considerations from different aspects including mechanical, thermal and
electrical properties, as well as reliability performance under various application

4

requirements. High temperature capability of power devices addresses the challenge of
developing new packaging materials for all different parts listed in Fig. 1.1. Take die-attach
material for example, currently the most common die-attach material for power package is
lead (Pb) -based eutectic solder alloy, which normally has the melting temperature lower
than 200 °C with low cost [47]. The challenge for developing new die-attach material is
whether we can develop Pb-free techniques that has melting temperature above 300 °C
with better performances and similar or even low cost? The following section is trying to
answer this question by reviewing various die-attach techniques, from traditional ones to
the-state-of-art.

Fig. 1.1 Schematic of typical power device package.

1.2 Review of die-attach technologies
1.2.1 Traditional die-attach technologies
Die-attachment, as the first-level packaging, dominates the overall performance of
power device packages, multi-chip power modules, integrated electronic systems, and enduser electronic products. Two traditional die-attachment materials discussed below are
solder alloys and electrically conductive adhesives.
5

(a) Solder alloys
Solders are eutectic or off-eutectic alloys that contain two or more kinds of metals. The
melting point of the alloy usually is considerably lower than the melting points of all the
individual pure metal that forms the alloy. A die-attach solder can be either a solder paste
suitable for the stencil or screen printing, or a solder preform (sheet). For the reflow
processing of die-attachment, solder material is placed between the die and substrate. It
goes through a melting process. The molten solder can dissolve a portion of metal from
both the die and substrate bonding surfaces. When the assembly cools down, the joint is
formed [47-49].
For decades, the most commonly used solder alloy is eutectic lead (Pb)-tin (Sn) alloy
(37Pb-63Sn). The reason for its widespread use is its combination of high ductility and
acceptable thermal conductivity for most applications [47]. It is regarded as the benchmark
of die-attach technologies. Fig. 1.2 [50] shows the suggested reflow temperature profile for
37Pb-63Sn solder. Solder melts at approximately 183 °C and bonding process is normally

performed around 220 °C. Such low processing temperature means less strain on the
equipment and materials that must be heated as part of the assembly process. The reflow
stage is completed when the molten solder joint cool and solidify to form strong solder
fillets.
However, Pb-based solder alloys have detrimental environmental and health issues. The
element Pb has been cited by the Environmental Protection Agency as one of the top 17
chemicals posing the greatest threat to human life and the environment [51]. Research has
been carried out widely to develop Pb-free solders with similar performance as Pb-based
solders. The materials chosen to replace Pb must meet various requirements, such as being

6

available in large quantities, non-toxic, recyclable and comparative low cost. Elements that
are available in quantities sufficient to satisfy the high volume of demand include silver
(Ag) and Cu. The ideal Pb-free solder alloy should have good electrical and mechanical
properties, good wetting abilities, no electrolytic corrosion, acceptable cost, and current
and future availability for different applications [52]. Current industry is developing the
near-eutectic Sn-Ag-Cu alloys. Some commercially viable examples are 99.3Sn/0.7Cu,
96.5Sn/3.5Ag, and 96.5Sn/3.0Ag/0.5Cu (SAC305). All of these solder alloys have
different melting points, mechanical properties, wetting characteristics and cosmetics. But
most of the Pb-free solders are susceptible to fatigue failure under cyclic temperature
loading because of its low yield strength and the accumulation of high inelastic strains
during deformation [53, 54]. Intermetallics formed in solder joints are another major
concern of reliability. Since intermetallics are usually much harder than the solder, large
thermal stress will introduced during thermal cycles. Research indicates that solder joints
usually fail at the interfaces related to intermetallics [55, 56]. This reliability issue for
solder joints becomes more severe since the increased operating temperature of power
device is getting closer to the melting point of solders.
(b) Electrically conductive adhesives
Electrically conductive adhesive is basically a glue for bonding electronic devices that
usually require a relatively low processing temperature and easy processing procedures. They
can be cured at room temperature or processing quickly with minimal exposure to temperatures
between 100 and 150°C. These adhesives are excellent for bonding temperature-sensitive
components and for providing electrical connections on non-solderable substrates like plastic
and glass [57-60]. Unlike Pb-based solder alloys, these adhesives are environmental friendly.
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Fig. 1.2 Suggested heating profile for 37Pb-63Sn eutectic solder [50].
When compare to solder, electrically conductive adhesives also possess advantages like lower
sensitivity to thermo-mechanical stress, and higher flexibility [61, 62]. Electrically conductive
adhesives have been mostly used as die-attach materials for bonding integrated circuits to lead
frames; they also have been used to make laminates for printed circuits, to attach Cu foil to
boards or flexible substrates, and to bond circuits to heat sinks. A typical electrical conductive
adhesive consists of curable dielectric polymer resin and conductive metal particles or flakes.
The polymer resin is an adhesive material which provides adhesion and mechanical strength
of the joint. The metallic particles or flakes are in contact with one another in the joint, which
provides the electrical conduction of the joint. The most commonly used metallic particles or
flacks are made of Ag, because of its moderate cost, great electrical conductivity and chemical
durability. Some other metals may also be applied. When compare to Ag: Au has advantages
of better physical properties, excellent boding surface and nearly negligible oxidation rate, but
the cost is the concern; nickel is less expensive, but it has much lower electrical conductivity
and it is prone to corrosion under humid environment; Cu is also much cheaper, but it oxidizes
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rapidly in air, which may degrade its performance. Last but not the least, the processing cost
of adhesives can be substantially lower than those of solder because there are fewer steps
involved in adhesive bonding – processing of adhesives excludes the steps of flux application
and cleaning, which occur in solder reflow applications [63].
Electrically conductive adhesives also have their limitations. Their processing is relatively
simple, but much more time consuming than solder reflow. Meanwhile, when compared with
solder joints, adhesive-cured joints also have much lower thermal conductivity, lower
application temperature, undetermined durability in various climatic environments, limited
current-carrying capability and poor impact strength. Therefore, the use of electrically
conductive adhesives is restricted to the low temperature and light duty applications [60, 64,
65].

1.2.2 State-of-the-art die-attach technologies
In order to meet the requirement of high temperature application, new die-attach
materials and processing techniques are in urgent need. The ideal die-attach materials
should possess such properties as follows [47].
1. Solidus points ≥ 300 °C;
2. Thermal conductivity > 0.2 – 0.3 W/cm·K, , and electrical volume resistivity < 100
μΩ·cm;
3. Good ductility and compliant coefficient of thermal expansion (CTE) mismatch
between the die and substrate for thermo-mechanical fatigue resistance;
4. Good corrosion resistance;
5. Environmental friendly;
6. Reasonable costs.
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Based on these property targets, several state-of-the-art die-attach technologies are
discussed below:
(a) High temperature solder alloys
One of the solder alloys has relative high functional temperature is high-Pb content
solders. Pb-based solder alloys for die attach have been regarded as mature products in
industry. These solders offer acceptable cost, processability, and performance. There has
been a relatively well-established knowledge database about the properties, manufacturing
processes and reliability of Pb-based solders. High-Pb content solders have been used for
die-attach applications for many years. It usually contains over 90 wt% of Pb. Generally,
the high-lead solder systems have relative high liquidus points so they have been used for
high temperature die-attach applications. However, with the increasing of Pb content, the
productivity for the manufacture will be decreased, because of the time required for the PbSn liquid to re-solidify after the die-attach operation is prolonged. Voids could be easily
generated in such die-attach layer, the problem becomes more serious if the die area is
large. Moreover, Pb-based solder alloys raises environmental and health issue [66-69].
Another candidate for high temperature application is Au-based solder alloy [70-72].
The main factors which make the Au solder system so favorable for high temperature use
are the attaching process temperature can be lower than 320 °C, thermal conductivity which
is equal to or greater than 0.57 W/cm·K and the possibility of having fluxless applications
[73]. It is also reported that Au-based solder attachment has very good creep behavior and
good corrosion resistance [74]. However, Au-based solder usually categorized as hard
solder, which suffers from stiff and brittle intermetallics formed during the reflow process.
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Another concern for-Au based solder alloys is the cost. Adding noble metal Au will
significantly increase the total cost of the packaging process.
(b) Transient liquid phase (TLP) die-attachment technique
TLP bonding process has high temperature application potential by combining solder
melting process and diffusion bonding. The TLP die-attach technique involves the
application of a low melting point interlayer material, such as Sn or indium (In), between
the surface-metalized die and substrate. As the temperature increases, the interlayer
material melts and flows into the lattices and grain boundaries of the die and substrate
metallization, forming intermetallic compositions. After an annealing process, a
homogenized intermetallic bondline joint can be formed. The intermetallic joint has a much
higher melting point than the initial interlayer. Therefore, the TLP technique is well suited
for high temperature applications [75-81]. Research reported that a uniform Ni3Sn4 bond
line with a melting point of 794 °C can be achieved at a processing temperature of only
300 °C using the Ni-Sn based TLP bonding process [82]. A large difference between the
re-melting and processing temperature is desirable when considering materials for hightemperature packaging. In addition, the Ni-Sn TLP technique does not contain high-price
noble metals, making it a comparatively low-cost process.
However, several disadvantages of Ni-Sn TLP die-attachment are: (1) it has relatively
lower thermal and electrical conductivities when compare to Ag sintering techniques
(which is discussed in the following section); (2) in order to achieve uniform Ni3Sn4 layer,
1-2 hours annealing at the processing temperature is required, which significantly lowers
the productivity.
(c) Low temperature joining technique (LTJT)
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Another emerging die-attach technique is based on Ag sintering. In 1980s, LTJT was
firstly introduced by Schwarzbauer [83, 84], which is based on sintering of Ag powder and
flakes to realize the die-attachment. These Ag powders and flakes are covered with an
organic additive, which is often an ingredient for the production process of the Ag powders,
and would be oxidized and burned out when the temperature reaches over 200 °C.
Therefore, for the conventional LTJT process, adequate oxygen (O2) is needed in the
sintering atmosphere. The die-attachment joint is formed by the sintering process of Ag.
Fig. 1.3 is a schematic of the process. Ag paste can be applied by screen or stencil printing,
spray coating, and automated dispensing. The Ag flakes are suspended in organic solvent
with a viscosity adjustable to the respective application method. After applying the Ag
paste, the organic solvent has to be evaporated at a relatively low temperature, about 150
°C. Dice are mounted on top of the paste after the drying stage. During their sintering
process, a hydraulic press was used to provide uniaxial pressure nearly about 40 MPa
pressure, which is usually applied at 230 − 250 °C to promote the sintering and
densification of the Ag powders and flakes. Unlike solder reflow process, there is no liquid
phase generated during the bonding process since the melting point of Ag is 961 °C. One
major advantage for LTJT is that the processing temperature (typically lower than 300 °C)
is much lower than the theoretical functional temperature, which suggested high
temperature application potential for LTJT. Sintered joint is constituted of metal Ag with
the density over 80%, which led to the excellent thermal and electrical performance. Since
the joint is porous, it has lower young’s modulus than the bulk of Ag. Such characteristic
can ease the thermo-mechanical stress due to CTE mismatch between the device and the
substrate, which brings about good reliability during the operation of the device [85-89].
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Fig. 1.3 Schematic representation of the low-temperature joining process: (a) deposition
of the Ag powder; (b) drying; (c) positioning of the device on the substrate; (d) sintering
under pressure [83].
The major limitation for the conventional LTJT is the requirement of a high range (> 30
MPa) external sintering pressure. The need of such large pressure limited production
throughput and places critical demands on substrate flatness and die thickness. It also needs
very complicated equipment to realize the process. This high range external pressure tends
to complicate the manufacturing process and increases the cost.

1.3 Nanosilver sintering enabled die-attachment technology
Since the conventional LTJT sintered-Ag layer has superior properties, any approach
for lowering the application threshold would be desirable. One approach to decrease or
even eliminate the usage of such high external sintering pressure is to reduce the particle
size of Ag. Nanosilver paste was developed based on the fundamental densification theory
and mass transportation mechanisms of sintering process, which are discussed as follows.
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For sintering theory, the particle size is a crucial factor for the densification process. In
the Mackenzie-Shuttleworth sintering model [90], assume ρ is the density, the densification
rate dρ/dt is given by
𝑑𝜌
𝑑𝑡

3 𝛾

1

1
3

1

1

= ( + 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ) × (1 − 𝜌) (1 − 𝛼 ( − 1) × 𝑙𝑛
)
2 𝑟
𝜌
1−𝜌 𝜂

(1.1)

where γ is the surface energy; r is the particle radius; and Papplied is external pressure or
stress. The part

γ
r

+ Papplied expresses the total driving force for densification, so the

densification rate is dependent on the particle size. If the external pressure is excluded in
(1.1), by reducing the particle size from 1 μm to 100 nm, densification driving force can
be increased for 10 times. Thermodynamically, this is due to the large specific surface
energy of nanoparticles.
Another theoretical foundation for nanosilver paste is the mass transport mechanisms
of solid-state sintering. There are six different types of mass transport mechanisms. Fig.
1.4 and Table 1.1 shows these mechanisms [91]. Three of them are controlled by surface
transport: vapor diffusion, surface diffusion and lattice diffusion (from surface). They are
usually occurred at low temperatures, resulting in neck formation between particles or grain
growth, but do little to the actual densification of the particle system. The other three are
controlled by bulk transport: plastic flow, grain boundary diffusion and lattice diffusion
(from grain boundary). They are usually occurred at high temperature ranges, which will
contribute to the shrinkage and densification of the system. If a non-densification
mechanism is preceded, it will consume the total driving force of sintering, which makes
it difficult to achieve high-density structure. So for developing the sintering process for
die-attachment, we need to avoid the non-densification mechanisms.
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Fig. 1.4 Six types of mass transport mechanisms of solid-state sintering [91].
Table 1.1 The transport paths, sources and sinks of matter during sintering [91].
Transport

Source of atoms

Sink of atoms

Densification

1. Surface diffusion

Surface

Neck

No

2. Lattice diffusion

Surface

Neck

No

3. Vapor diffusion

Surface

Neck

No

4. Boundary diffusion

Grain boundary

Neck

Yes

5. Lattice diffusion

Grain boundary

Neck

Yes

6. Plastic flow

Dislocations

Neck

Yes

15

Based on these theories, our research group investigated the fabrication process of
nanosilver paste [85, 92-94]. The formulation process of the paste is shown in Fig. 1.5.
Nanosilver particles, with the size of 50 - 100 nm, could easily start agglomerating at room
temperature. In order to prevent agglomeration, they were mixed with several different
organic solutions, such as short hydrocarbon chains of surfactant and long hydrocarbon
chains of binder. Solvent was also added into paste, in order to adjust the viscosity for the
printing application. After ultrasound agitation, the paste was fabricated. Now nanosilver
paste is commercially available from NBE Tech, LLC. More details of paste formulation
can be found at somewhere else [94].
Typically, the organics inside the paste start to burn off with the assistance of O2 when
temperature reaches 250 °C. Then the nanosilver particles contact with one another and
start to sinter. Die-attachment can be formed by diffusion bonding. Fig. 1.6 is a typical
scanning electron microscopy (SEM) image of nanosilver paste sintered at 275 °C without
applying any external pressure. Relative density can achieve over 70% of bulk Ag after
sintering. This improvement greatly reduces the fabrication complexity and the cost for
LTJT. Nanosilver pastes can be either screen/stencil-printed or syringe-dispensed and they
can be served as a direct substitution to the commercially available Ag paste or solder paste.
Table 1.2 listed the different properties comparison between different die-attach
techniques. The nanosilver sintered die-attachment almost has the same electronic and
thermal performance and a wide range of functional temperature as conventional LTJT,
which is much better than solder joints. Research has found that nanosilver sintered joints
can achieve die-shear strength over 35 MPa on the Ag-coated substrates, similar to the
eutectic solder joint strength [94]. The porous microstructure gives the sintered material a
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low modulus of around 10 GPa comparing to that of bulk Ag 75 GPa, making it
mechanically compliant for relieving thermo-mechanical stresses due to CTE mismatch
[95, 96]. Bai et al. demonstrated the great thermo-mechanical reliability of the nanosilver
sintered die-attach joints by applying a combination of die-shear test and thermal cycling
experiments. Sintered nanosilver joints did not fail until over 4000 cycles with temperature
of 50 - 250 °C (cycle period was 7.5 min).

Fig. 1.5 Basic formulation process of nanosilver paste.

Fig. 1.6 SEM image of nanosilver paste after sintering at 275 °C.
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Table 1.2 Properties comparison of different die-attach materials [94].
Processing
temperature
(°C)

Max. use
temperature
(°C)

Electrical
conductivity
105 (Ω•cm)-1

Thermal
conductivity
(W/K•cm)

Die-shear
strength
(MPa)

Lead-tin
solder

217

< 183

0.69

0.51

35

Lead-free
solder

260

< 225

0.75

0.70

35

High-lead
solder

340

< 280

0.63

0.58

30 − 60

Gold-tin
solder

310

<280

0.45

0.23

15

Conductive
epoxy

100 − 200

< 200

0.10

0.10

10 − 40

Nanosilver
sintering

< 250

< 714

3.80

2.40

20 − 40

1.4 Motivation and objectives of research
1.4.1 Motivation of the research
Rapid development of the power electronics demands advanced packaging technologies.
Die-attachment, as the first-level packaging of the power electronics, requires good
performance, high temperature capability, high reliability and low cost. Nanosilver
sintering technique is developed under these requirements, which has the advantages as
follows.
1. Nanosilver sintering technique decreases or even eliminates the usage of external
pressure during the processing, which significantly improves the productivity and
lowers the manufacturing cost from conventional LTJT.
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2. Nanosilver sintered die-attachment has very high electrical and thermal
conductivities, both of them are 3 − 5 times higher than those of the lead-free solders
and electrical conductive adhesives.
3. Nanosilver sintered die-attachment has been demonstrated to have excellent
reliability. Sintered Ag layer has about 20% micron-sized porosity. The porous
microstructure gives the sintered material a low effective modulus at about 10 GPa,
which can relief the thermo-mechanical stress due to CTE mismatch. Meanwhile,
high melting point of the joint leads to excellent creep resistance.
With these good features, nanosilver sintering is a promising lead-free die-attach
solution for future high temperature power electronics applications. However, one
limitation of the technique is the limited attaching surfaces. In former applications, the
attaching surface of the substrates need to be finished with Ag or Au. Surface metallization
layers on the substrate have a significant impact on the overall performance of the sintered
joints. Common metallization techniques include electrolytic plating, physical or chemical
vapor deposition and sputtering. All these techniques contain many complicated steps and
require expensive equipment to generate decent surface finishing. These surface
metallization technologies increased the total cost of the substrate manufacturing as well
as lowering the productivity.
Most of the commercialized substrates for power electronics packaging have bare Cu
surface, since Cu has many great properties such as low cost, high thermal and electrical
conductivity, easy fabricating, and wide range of attainable mechanical properties [97-99].
The major concern of nanosilver sintering directly onto Cu surface is the Cu oxidation. Cu
surface can be severely oxidized when following the typical processes that developed for
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nanosilver paste (sintering in air at ~ 250 °C). If a dense Cu oxide layer forms on substrate
surface before the sintering densification of nanosilver, the joint will be week. Feasible
processes for nanosilver sintering die-attachment on Cu surface need to be explored.
Another motivation for this research is related to the characterization techniques of dieattachment. Former research of nanosilver sintering die-attachment was mainly focused on
the mechanical strength of the joint as the major characterization criterion. Die-shear test
can provide information of the rigidity of the die-attachment. But it cannot provide other
information of the die-attachment, such as thermal performance. Another major limitation
for die-shear test is that it cannot be performed on very thin (< 100 µm) devices or brittle
materials. Non-destructive imaging characterization techniques, such as X-ray computed
tomography and scanning acoustic microscopy (SAM), are also widely applied to
characterize the uniformity of the die-attach layer and detect the potential defects in the
joints. However, for power electronics packages, heat dissipation capability is a more
important aspect that needs to be evaluated. All the characterization techniques discussed
above are unable to give any information on the thermal properties of the die-attachment.
For example, the die-shear strength of certain electrical conductive adhesive cured dieattach joints can reach over 30 MPa, and SAM imaging would show a uniform bonding
layer. Nevertheless, such joints may suffer from low thermal conductivity of the die-attach
material, which may possibly cause thermal damage during the operation of the device. In
order to characterize thermal performance of different die-attach techniques, transient
thermal impedance (Zth) and stead-state thermal resistance (Rth) measurement technique
has been widely utilized in the industry. This research aims to broaden our characterization
capability of die-attach processes by building a thermal performance measurement system.
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Another important aspect of power electronics packages is the reliability performance.
Reliability describes the ability of a system or component to function under stated
conditions for a specified period of time. In order to characterize the reliability of power
electronic systems, proper testing methods for well evaluation of the lifetime is necessary.
The reliability of nanosilver sintered die-attachment on Cu also needs to be evaluated.
1.4.2 Objectives of the research
Based on the motivation discussed above, the objectives of this research are listed
below:
1. Develop feasible processes for nanosilver paste die-attachment on Cu surfaces. The
goal for the processing is to achieve the same level die-shear strength as nanosilver
sintered to Ag surface.
2. Verify the effects of different processing parameters on the performance of
nanosilver sintered die-attachment on Cu surfaces. Such parameters are sintering
atmospheres and external pressure.
3. Provide theoretical understanding of bonding mechanisms of sintered-Ag/Cu
interface. Such interface is of great interest for this specific task of nanosilver
sintering on Cu.
4. Construct a testing system to evaluate the thermal performance of the die-attachment.
Based on this system, evaluate the thermal performance of the nanosilver sintering
die-attachment on Cu surface.
5. Evaluate the reliability performance of the nanosilver sintering die-attachment on Cu
surface.
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1.5 Organization of the dissertation
Chapter 1 is the introduction of this research. It discusses the developing trends of the
power electronics packaging. Several die-attachment techniques are reviewed with their
advantages, applications and limitations. Motivation and objectives of the research are also
stated in this chapter.
Chapter 2 mainly discusses the processes development of nanosilver sintering die-attach
directly on Cu surface. Two feasible processes were developed for different die dimensions,
in order to achieve high die-shear strength.
Chapter 3 discusses all the material characterization results of nanosilver sintering dieattachment on Cu surface. This chapter aims at providing the understanding of the effects
of different processing parameters, especially for the sintered-Ag/Cu interface.
Chapter 4 introduces thermal characterization technique for die-attachment. A custombuilt thermal testing system is discussed in detail. Based on such system, thermal
performance of nanosilver sintered die-attachment on Cu surface was compared with leadfree solder die-attachment.
Chapter 5 presents the cycling tests that performed for evaluating the reliability of
nanosilver sintered die-attachment on Cu surface. Both passive temperature cycling and
active power cycling testing system are presented. The cycling results are also discussed.
Chapter 6 summarizes the research. Future work is also proposed in this chapter.
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Chapter 2
Processing of nanosilver sintering die-attachment on
copper surface
This chapter is mainly focused on the processing of nanosilver sintering die-attachment
directly on Cu surface. Firstly, typical processes for nanosilver sintering on Ag and Au
surfaces will be reviewed as the foundation of the process development for Cu surface.
Then the challenges of nanosilver sintering on Cu surface are discussed. Based on these
understanding, different processes were developed for different die dimensions. Die-shear
test was carried out as the initial evaluation technique for process development since such
test can give a quick feedback of the mechanical property of nanosilver sintered joints.

2.1 Overview of nanosilver sintering on Cu surface
2.1.1 Processing of nanosilver sintering on Ag and Au surfaces
Nanosilver sintering die-attach technique has been demonstrated to be able to attach
different-sized dice onto Ag or Au surfaces. Previous researches [92, 94-96] have
developed different processes and die-shear strengths over 30 MPa were achieved. These
processes are reviewed as follows.
(a) Small-area dice (< 5×5 mm2): pressure-less sintering
The process for small-area dice presented here is straightforward. After a cleaning
process of substrate (with Ag or Au surface finishing), nanosilver paste was printed or
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dispensed onto the substrate. Then the die was mounted on the top of the paste to make
sandwich-like structure assembly. After die-mounting, the assembly was heated in a
furnace or on a heating stage by following the temperature profile as shown in Fig. 2.1 [92].
With the assistance of O2 in the air, the organics inside the paste can be totally burnt off
when the temperature reached above 200 °C. After that, nanosilver particles can make
contact with one another and start to densify, and the die-attach joint was formed. The
whole process did not need any external pressure. It was reported that nanosilver sintered
joints for small-area dice can reach average over 35 MPa die-shear strength [94].

Fig. 2.1 Typical heating profile for attaching small-area dice by sintering of nanosilver
paste [92].
(b) Large-area dice (> 5×5 mm2): low pressure (< 5 MPa) assisted sintering
If the die dimension is large, one challenge for the process discussed above was related
to out-gassing of burning the organics. The organics underneath the center area of the die
would usually suffer from insufficient O2 exposure. This was mainly due to the faster
densification rate of the peripheral area underneath the die. Such phenomenon may block
the O2 from diffusing into the center. Thus after the heating process, there were organic
residues trapped in the center of the die-attach layer, which may prevent nanosilver
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particles at that area from densification. In order to solve this challenge, a double-print,
low-pressure assisted sintering process was developed [100]: nanosilver paste was stencilprinted onto a substrate to a thickness of 50 – 100 μm and dried up to 125 °C according to
the profile in Fig. 2.2. After cooling down from the drying process, a thin fresh paste layer
of 5 – 10 μm was screen printed onto the dried film. This second layer, which act as a
wetting layer, was able to secure intimate contact between the dried first layer paste and
the die. After mounting the die, the assembly was sintered with a hot press. Sintering
temperature can be as low as 250 °C and the pressure needed in the process was lower than
5 MPa. Average die-shear strength of 10 × 10 mm2 dice was reported to be over 30 MPa
when 5 MPa sintering pressure was applied.

Fig. 2.2 Schematic of nanosilver sintering process for large-area dice [100].
2.1.2 Challenges of nanosilver sintering on Cu surface
Cu oxidation is the major challenge for the processing of nanosilver sintering directly
on Cu surface. Generally, there were two steps of oxidation of Cu if it was heated in air:
firstly, Cu2O was formed at the Cu surface. Cu2O is a p-type semiconductor with negatively
charged vacancies. The growth of the Cu2O takes place on the top surface through the mass
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transport of Cu+ ions and electrons in a direction normal to the surface via vacancies.
However, Cu2O is hardly observed in experiments because it is thermodynamically
unstable in air. The second stage of Cu oxidation process, i.e. the formation of CuO from
Cu2O, is usually a slower process. It is governed by the diffusion of O2 into the oxide [101103]. For typical nanosilver sintering heating profiles, Cu surface would start to generate a
dense layer of CuO once the temperature reaches above 100 °C in air. But for nanosilver
paste, the organics usually burn off at over 200 °C. Before reaching 200 °C, a thick CuO
layer has already formed on the substrate. When the nanosilver particles start to sinter, no
bonds can be formed between Ag and Cu oxide. Such process generates a weak interface,
which leads to very low die-shear strength (< 5 MPa). So in order to achieve robust
nanosilver sintered die-attachment on Cu, the conflicting role of O2 needs to be considered:
organics need O2 to be fully burnt off; meanwhile, O2 should be excluded to avoid the
formation of dense Cu oxide layer. The rest of this chapter discusses how to overcome this
challenge.

2.2 Processing of nanosilver sintering on Cu: small-area dice
This section is mainly focused on the processing of attaching dice with small area (<
5×5 mm2) on Cu surface by nanosilver sintering. The main strategy was to apply different
sintering atmospheres to protect Cu from oxidation without deteriorating the densification
of nanosilver. Processing goal was to achieve high die-shear strength (> 35 MPa) by
pressure-less sintering of nanosilver paste at temperature lower than 300 °C.

26

2.2.1 Experimental procedures
(a) Heating profile modification
The heating profile was modified for pressure-less sintering of nanosilver paste by
referring to the thermogravimetric analysis (TGA) and differential scanning calorimetric
(DSC) characterization of nanosilver paste, which was shown in Fig 2.3. It can be noticed
that the weight loss below 180 °C was due to the evaporation of solvents in the paste, an
exothermic reaction in the paste with a peak in the DSC curve at around 180 °C. The second
exothermic reaction, which also produced a weight loss, is represented as the peak in the
DSC curve at around 275 °C. Fig.2.3 also shows that the Ag loading in the paste is
approximately 82 % since after the second exothermic reaction all the organics in the paste
have been burned off [100].
Based on the TGA and DSC results of the paste, the heating profile for nanosilver paste
was modified for pressure-less sintering process, as shown in Fig. 2.4. The total processing
time is about 80 min. Such heating profile aims at smoothly drying off the solvent in
nanosilver paste.

Fig. 2.3 TGA and DSC traces of nanosilver paste heated in air with rate 10 K/min [100].
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Fig. 2.4 Designed heating profile for pressure-less sintering nanosilver paste for
attaching small-area dice.
(b) Sample making and experimental setup
DBC substrates with Cu surface were utilized in these experiments. They were cut into
pieces with dimensions of 10 × 15 mm2. Non-functional mechanical dice were chosen for
the die-shear tests. They were alumina (3 × 3 × 1 mm3) and silicon (2.5 × 1.8 × 0.2 mm3)
dummy dice with Ag coating on the attaching side. Fig. 2.5 is a schematic showing the
sample configuration.

Fig. 2.5 Schematic diagram of applied substrate and small-area dice.
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Firstly, Cu surface was slightly etched by diluted hydrochloric acid (1 vol%). Then it
was ultrasonically cleaned in both acetone and ethanol for 10 min, respectively. After
cleaning, a layer of nanosilver paste was stencil printed onto the substrate. Fig. 2.6 shows
a schematic of the stencil printing process. The thickness of the printed paste layer was
about 50 μm. Dice were mounted on the paste layer immediately after printing. Fig. 2.7
shows an image of the assemblies before heating.
Fig. 2.8 shows the custom-built bell-jar system to carry out our sintering process under
different sintering atmospheres. The main part of it is a vacuum chamber. There is a heating
stage inside of the chamber, which is connected to a temperature controller (Fuji PXR-7).
At the top of the chamber there is a vacuum gauge, from which the atmospheric pressure
inside the chamber can be read. The inlet pipe underneath the chamber is connected to a
set of gas flow meters. By adjusting theses meters, different sintering atmospheres can be
realized.

Fig. 2.6 Schematic of stencil printing process of nanosilver paste.
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Fig. 2.7 Die-paste-substrate assemblies before sintering.

Fig. 2.8 Experimental setup for sintering of nanosilver paste in controlled atmospheres.
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Three gas mixtures (from Airgas Inc.) were applied: (1) pure N2; (2) pure N2 with 1 vol%
O2 (1% O2/N2); and (3) pure N2 with 4 vol% H2 (4% H2/N2). The heating profile was
followed as the one shown in Fig. 2.4. It aims to uniformly and completely dry the paste,
since fast drying speed may potentially generate cracks in the paste before sintering. After
drying, two sintering temperatures were evaluated: (1) 260 °C and (2) 280 °C. After
sintering, the samples were left in the sintering atmospheres until they naturally cooled
down to below 50 °C. For all three atmospheres applied, two different types of dice were
sintered at the two sintering temperatures, and a total of six samples were made for each
combination of atmosphere, sintering temperature, and die type.
(c) Die-shear test
The die-shear strengths of the samples were measured by die-shear tests performed on
a Dage4000 multipurpose bond tester. A simplified schematic diagram of the die-shear test
is shown in Fig. 2.9.

Fig. 2.9 Simplified schematic diagram of die-shear test.
2.2.2 Results and discussion
Fig. 2.10(a) and Fig. 2.10(b) show the average die-shear strengths, with standard error
bars, of samples sintered at 260 °C and 280 °C, respectively, in each atmosphere. The
results reveal several trends worth discussing:
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(a)

(b)
Fig. 2.10 Die-shear strength of joints sintered at (a) 260 °C and (b) 280 °C.
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1. The joints sintered in alternative atmospheres measured at least three times higher in
die-shear strength than same assemblies sintered in air, which is less than 5 MPa. This
result indicates that an increase in die-shear strength is possible and necessary by
alleviating the Cu surface oxidation.
2. Non-functional silicon dice measured higher in average die-shear strength than alumina
dice, probably because of the difference in surface roughness. The surface of alumina
dice has been found to be much rougher than that of silicon dice by applying a surface
profilometer (ZygoNewview 7100). Fig. 2.11 shows the attaching surface roughness
comparison between these two types of dice. A rougher surface might induce localized
debonding during Ag densification, thus lowering the die-shear strength. Buttay et al.
[40] reported similar trend of the roughness effect on substrate side.
3. Increasing the sintering temperature from 260 °C to 280 °C resulted in negligible
changes in die-shear strength of the samples sintered in 1% O2/N2 and pure N2, but
significant improvement in die-shear strength of the samples sintered in 4% H2/N2.
4. The joints sintered in 4% H2/N2 at the higher sintering temperature of 280 °C measured
the highest in average die-shear strength. The die-shear strengths exceeded 40 MPa for
the silicon dice and 35 MPa for the alumina dice with the larger surface roughness.
Such sintering condition achieved the initial goal of process development.

33

Fig. 2.11 Surface roughness measurements of different dice by profilometer
(Ra is the arithmetic average of the absolute values of heights).

2.3 Processing of nanosilver sintering on Cu: large-area dice
This section discusses processing of large area (> 5 × 5 mm2) die-attachment on Cu
surface by nanosilver sintering. For attaching large-area die on Cu surface, a modified
double-print process was developed, in which a low range of external pressure (< 5 MPa)
was applied.
2.3.1 Experimental procedures
(a) Sample configuration
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In this test, same DBC substrates as used in the last section were utilized, which were
also cut into dimension of 10 × 15 mm2. Due to the difficulty of obtaining accurate
measurements for die-shear strength from large-area Si dice, only alumina mechanical dice
were only used. The dice were obtained from alumina sheets that metallized with Ag via
physical vapor deposition and diced into 6 × 6 × 1 mm3 pieces by a diamond blade. Fig.
2.12 shows a schematic diagram of the die and substrate before attachment.

Fig. 2.12 Schematic diagram of applied substrate and large-area dice.
(b) Process development
Substrates and dice went through the same cleaning process as that for small-area dice.
For the large area dice, the process development was based on the large area die-attachment
process for Ag surface: a double-print, low-pressure assisted process previously developed
specifically for large area dice was modified, in order to better accommodate the Cu
surface.
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Fig. 2.13 shows the flowchart of die-attach process. Firstly, a 50-μm thick layer of
nanosilver paste was stencil printed on the substrate. Then the substrate was dried in pure
N2 atmosphere from room temperature to 180 °C with a ramp rate of 5 °C/min. The soaking
time at 180 °C was 5 min. The drying was done in the same bell-jar system mentioned in
section 2.2.1. N2 was applied during drying to protect Cu surface from oxidation during
the drying of paste. After drying and cooling, the substrates were removed from the belljar system, and a second 10-μm thick layer of nanosilver paste was screen printed on top
of the dried first layer. The primary purpose of this thin layer was to ensure an intimate
contact between the die and the dried first layer. The dice were then placed onto the wet
layer. External pressure was applied during the sintering stage with a Carver hot press. The
hot press was preheated to the sintering temperature of 275 °C. The total sintering time was
3 min. Assemblies were made under different sintering pressures (1, 3, 5, 12 MPa), while
keeping other processing parameters constant.
(c) Die-shear test
The die-shear strengths of the sintered assemblies were measured by using a customfabricated shear fixture affixed to a Com-Ten bench top tensile tester. A simplified version
of the test fixture is shown schematically in Fig. 2.14. The fixture was designed specifically
for testing large-area dice exhibiting high shear force values.
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Fig. 2.13 Flowchart of the modified double-print, pressure-assisted sintering process.

Fig. 2.14 Picture and schematic of fixture for die-shear test.
2.3.2 Results and discussion
Fig. 2.15 shows a plot of the average die-shear strengths (with standard deviation as
error bars) of the large area die-attachments on Cu versus the sintering pressure ranging
from 1 to 12 MPa. Five samples were tested for each pressure level. The plot clearly shows
that the evolution of measured shear strength as a function of sintering pressure is
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significant. The die-shear strength data show that a sintering pressure of approximately 3
MPa is sufficient to achieve the initial goal of process development as over 40 MPa. When
compared with the sintering pressure of 30 – 50 MPa that used in the traditional LTJT
method, the pressure applied in such process is smaller by a factor of 10.

Fig. 2.15 Die-shear strength as a function of sintering pressure.

2.4 Summary
The feasibility of nanosilver sintering enabled die-attachment technique has been
widely demonstrated to be applied to Ag or Au coated substrates. However, former studies
indicate very low die-shear strength of the die-attachment directly on Cu if the same
nanosilver sintering process was applied. In this study, proper processes were developed
for nanosilver sintering die-attachment on Cu surface: For small-area dice, different
sintering atmospheres (1% O2/N2, Pure N2, and 4% H2/N2) were utilized to protect the Cu
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from oxidation. For large-area dice, a modified double-print, low-pressure-assisted
sintering process was developed to overcome both the Cu oxidation and out-gassing issues.
The first layer of printed nanosilver paste was completely dried in pure N2 in order to
protect the Cu form oxidation, whereas the second layer served as a wetting cushion for
the attaching surface of both the hard first layer and the die. For both processes, die-shear
tests verified that high die-shear strength (> 35 MPa) can be achieved.
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Chapter 3
Characterization of nanosilver sintering die-attachment
on copper surface
In the previous chapter, high die-shear strength (> 35 MPa) of nanosilver sintering dieattachment on Cu surface was achieved by proper processing. It is of great importance to
understand the effects of all the processing parameters on the mechanical robustness of the
die-attachment. In the structure of the nanosilver sintering die-attachment on Cu, the
interface between sintered-Ag and the Cu substrate is the dominating factor for the dieshear strength. Therefore, the effects of different sintering parameters on die-attachment
were evaluated by various materials characterization techniques, which are discussed in
the first half of this chapter. The other half of the chapter mainly focuses on the
characterization of the sintered-Ag/Cu interface and the discussion of bonding
mechanisms.

3.1 Effects of sintering parameters on die-attachment
Various materials characterization techniques, such as optical microscopy, scanning
electron microscopy (SEM), thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), were utilized to evaluate the effects of sintering parameters, which
discussed in chapter 2, on the high die-shear strength of nanosilver sintering die-attachment
on Cu surface.
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The SEM system used for our characterization is a LEO (Zeiss) 1550 Schottky fieldemission SEM [104], which has a spatial resolution of 2-5 nm size range for surface
imaging. The TGA-DSC system utilized for our characterization is NETZSCH
simultaneous thermal analyzer (STA) 449 Jupiter.
3.1.1 Effects of different sintering atmospheres
As mentioned in Section 2.2, different sintering atmospheres (1% O2/N2, Pure N2, and
4% H2/N2) were applied for small area die-attachment on Cu process development.
Multiple experiments were carried out to characterize the effects of different sintering
atmospheres. After the die-shear test, the failure surfaces of the substrates were observed
by optical microscopy and SEM. To further investigate the effects of 1% O2 and 4% H2
during the sintering of nanosilver paste, samples with an open layer of sintered paste (under
the three sintering atmospheres) were examined. These paste layers were printed on DBC
substrates and sintered according to the same heating profile. The microstructures of the
sintered paste were also characterized by SEM.
(a) Optical microscopy analysis
Fig. 3.1 show three optical microscope images of typical failure surfaces on DBC
substrates of joints sintered in different atmospheres after die-shear test. Fig. 3.1(a) shows
the die-shear test failure surface of the joint sintered in 1% O2/N2. The presence of Cu oxide
on the attaching area indicates that an O2 partial pressure (PO2) of 0.01 atm in the sintering
atmosphere is still too high to prevent Cu from oxidation at 280 °C. However, the failure
surfaces of sheared joints sintered in air (PO2 = 0.21 atm) would reveal a much greater
amount of surface oxidation than that shown in Fig. 3.1(a).The effect of surface oxidation
can also be observed by comparing the die-shear strength under these two sintering
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atmospheres: the joint sintered in a reduced O2 atmosphere (PO2 = 0.01 atm) measured a
die-shear strength of 15 MPa (alumina dice), while the same joint sintered in open air has
its die-shear strength reduced to below 5 MPa. Fig. 3.1(b) and 3.1(c) shows the failure
surfaces on DBC substrates after die-shear test for the joints sintered without O2. The
absence of Cu oxide confirms the absence of O2 in the chamber. Previous research has
found that binders in nanosilver paste cannot be completely removed in inert sintering
atmospheres. The binders that remain in the paste can prevent densification of the Ag
particles and inhibit bonding formation. Fig. 3.2 shows an optical microscope image
comparison of the surfaces of newly applied layers of nanosilver paste on DBC substrates
heated to a sintering temperature of 280 °C in pure N2 and 4% H2/N2 atmospheres
separately. The darker paste sintered in pure N2 indicates the presence of residual binder in
the paste. However, with the addition of only 4% H2 in the sintering atmosphere, the
sintered paste became whiter, an indication that the use of a small amount of H2 increases
binder removal during sintering. Efficient binder removal should not inhibit densification,
as implied by the increase in die-shear strength. The Si dice attached by sintering in 4%
H2/N2 measured an average die-shear strength of over 40 MPa.
(b) SEM characterization of sintered nanosilver paste
An open layer of nanosilver paste was stencil printed onto a substrate. The single layer
of paste was sintered according to the same heating profile as the die-attachment fabricated
for die-shear tests. The processing conditions were reduced to one sintering temperature of
280 °C and three different atmospheres: (1) pure N2; (2) 1% O2/N2; and (3) 4% H2/N2. Fig.
3.3 show the SEM images of nanosilver paste after sintering in different atmospheres. Fig.
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(a)

(b)

(c)
Fig. 3.1 Shear fractured surfaces of Si dice attached to DBC substrates after sintering in
different atmospheres. (a) 1% O2/N2. (b) Pure N2. (c) 4% H2/N2.
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Fig. 3.2 Optical microscopic color comparison between a fresh layer of nanosilver paste
heated to 280 °C in pure N2 and 4% H2/N2.
3.3(a) shows the nanosilver paste after sintering in pure N2. Individual Ag nanoparticles
can still be observed. Since the organic binders in the paste cannot react with the inert gas
N2, it is believed that only a small degree of binder decomposition occurred during
sintering. The Ag nanoparticles will remain isolated from one another if their surfaces were
still coated by the undecomposed binders. However, the die-shear strengths of joints
sintered in pure N2 were still higher than 30 MPa for silicon dice and 15 MPa for alumina
dice. Fig. 3.3(b) shows the nanosilver paste after sintering in 1% O2/N2. The microstructure
of Ag is clearly densified, as expected from the efficient combustion of the binder with the
oxygen-containing atmosphere. The decline in die-shear strength of the joints sintered in
this atmosphere is instead a result of Cu surface oxidation. In spite of the dense
microstructure of the sintered Ag, the oxide formation on the substrate surface causes
adhesion failure at the Ag/Cu interface. Fig. 3.3(c) shows the nanosilver paste
microstructure after sintering in 4% H2/N2. Although the microstructure of Ag sintered in
4% H2/N2 is less dense than that of Ag sintered in 1% O2/N2, some obvious necking
between the Ag nanoparticles has occurred.
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(a)

(b)
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(c)
Fig. 3.3 SEM images of the microstructures of nanosilver paste sintered at 280 °C in
different atmospheres: (a) pure N2; (b) 1% O2/N2; (c) 4% H2/N2.
A clear difference of the densification progression can be seen between the
microstructures of the nanosilver paste sintered in pure N2 and 4% H2/N2. The SEM images
in combination with the die-shear test results show that H2 increases binder removal from
the paste. Two more SEM images of nanosilver paste sintered in pure N2 (Fig. 3.4(a)) and
4% H2/N2 (Fig. 3.4(b)) up to 400 °C exhibit more evident difference in microstructures
than nanosilver paste sintered at 280 °C. A denser microstructure of nanosilver paste can
be obtained in 4% H2/N2 at a higher sintering temperature, whereas the higher temperature
still failed to densify the microstructure of the nanosilver paste sintered in pure N2. The
continued increase in densification with further increases in temperature explains why the
die-shear strength of the joints sintered in 4% H2/N2 increased as the sintering temperature
was elevated from 260 °C to 280 °C.
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(a)

(b)
Fig. 3.4 SEM images of the microstructures of nanosilver paste sintered at 400 °C in
controlled atmospheres: (a) pure N2; (b) 4% H2/N2.
(c) Effect of H2 on sintering of nanosilver paste
The die-shear test results and SEM images clearly demonstrate that the presence of H2
in the sintering atmosphere has a significant effect on the sintering behavior of nanosilver
paste. The contributions of H2 to nanosilver densification and die-shear strength are
obvious. It is believed that the enhanced sintering of nanosilver is due to the catalytic
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hydrogenation and hydrogenolysis of the binders during heating. The organic binders in
the paste are a combination of many different types of cellulose. At certain temperature,
hydrogenation and hydrogenolysis occur to saturate and break the long cellulose chains
into smaller organic components. The smaller organic components have much lower
evaporation temperatures than the original binders and thus can be evaporated more easily
at the sintering temperature. In addition, the presence of a catalyst during hydrogenation
and hydrogenolysis may reduce the reaction temperature significantly. It has been found
that Ag nanoparticles can serve as a catalyst, thereby reducing the reaction temperature of
the hydrogenation and hydrogenolysis that are responsible for easing the removal of
binders [105, 106]. A simplified reaction formula between cellulose and hydrogen is shown
in Fig. 3.5, with nanosilver particles serve as catalyst. Once the blocking binders between
the Ag nanoparticles are removed, the nanoparticles would come into direct contact with
one another and the densification can be realized. Lei et al. [100] reported that nanosilver
particles can serve as catalyst for the combustion of binders when nanosilver paste is heated
in air. Differential scanning calorimetry (DSC) results show that nanosilver can decrease
the combustion temperature of binders by 200 °C. More DSC characterization tests were
performed on the binder solution (from NBE tech.) in air and the results are displayed in
Fig. 3.6. It is shown that the binder combustion peak decrease about 150 °C when binder
contacting surface switch from Al to Ag. In addition, the binder combustion peak has a
further 50 °C decrease in nanosilver paste. Such results are due to the fact that nanoscale
Ag particles have higher surface free energy than bulk Ag, which can even enhance the
catalytic effect. These DSC curves clearly show the catalytic effect of Ag for the
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combustion of the binder. However, DSC cannot verify our hypothesis on hydrogenation
and hydrogenolysis, because the reaction peaks are not as obvious as the combustion peak.

Fig. 3.5 Simplified reaction formula between cellulose and H2 with nanosilver as
catalyst.

Fig. 3.6 DSC comparison of binder combustion at different conditions (catalytic effect of
nanosilver).
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3.1.2 Effect of external pressure
In Section 2.3, the processing of large area die-attachment on Cu surface was discussed.
In the developed process, a low range external pressure (< 5 MPa) was applied. In order to
understand the effect of external pressure on the die-shear, the fractured surfaces on the
substrates of the sheared samples were observed by optical microscopy. Microstructures of
sintered nanosilver under different sintering pressures were also investigated by SEM. 6 ×
6 mm2 glass pieces were utilized as dummy dice. After sintering with the same die-attach
process with different sintering pressures (0, 1, 3, 5 MPa), glass dice on the assemblies can
easily be easily removed due to lack of bonding between Ag and glass. The sintered layers
underneath the glass were characterized by SEM.
Optical images of the failure surfaces of substrates after die-shear tests, as seen in Fig.
3.7, reveal a significant change in the sheared off area with changing processing condition.
Since the final pressure-assisted sintering step is performed in the air, Cu oxidation cannot
be avoided. These die-sheared-off substrate images shows that the exposed Cu surface is
much less oxidized than surfaces outside of the attachment area. The exposed Cu surface
area increases with increasing sintering pressure. All die-shear test samples exhibit a
common mixed mode failure of both interfacial and cohesive (within sintered-Ag layer)
types. As the pressure increases, the amount of interfacial failure increases, but the area of
cohesive failure decreases. The difference in failure modes from center to the edge of the
die-attach area can be attributed to unequal binder removal rate during drying and sintering,
resulting in the shear strength to develop on the outer edges of attach layer first.

50

(a)

(b)

(c)
Fig. 3.7 Shear fractured surfaces of mechanical dice attached to DBC substrates sintered
under different sintering pressures: (a) 1 MPa, (b) 3 MPa, and (c) 5 MPa.
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The density change of sintered paste with different sintering pressures can be visualized
in the SEM images of the assemblies made with glass dice. Fig. 3.8 shows the typical SEM
images of different microstructures of sintered paste underneath the glass-covered area.
These images clearly show the decrease of porosity when the sintering pressure was
increased from 0 MPa to 5 MPa. Applying an external pressure in the processing can
increase the densification driving force of nanosilver sintering. It is believed that the
external pressure could also increase the green density of nanosilver, which potentially
generates more contact area for nanosilver particles.

(a)

(b)
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(c)

(d)
Fig. 3.8 SEM images of nanosilver paste sintered under different sintering pressures:
(a) 0 MPa, (b) 1 MPa, (c) 3 MPa, and (d) 5 MPa.

3.2 Bonding mechanisms of sintered-Ag/Cu interface
The interface between sintered-Ag and Cu plays a key role for the robustness of the
joints formed by nanosilver sintering on Cu surface. Fig. 3.9 shows the Ag-Cu equilibrium
phase diagram [107]. It is a binary eutectic system, which shows that Ag and Cu are almost
mutually immiscible at the temperature below 300 °C. Such fact indicates that no solid
solution can be formed at the Ag/Cu interface during the processing of nanosilver sintering
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on Cu surface. Meanwhile, no intermetallic phase can be found in the Ag-Cu binary system.
So there is no obvious explanation of the strong Ag/Cu interface formation during
processing. In this regard, the following section discusses proposed bonding mechanisms
of sintered-Ag/Cu interface.

Fig. 3.9 Ag-Cu binary equilibrium phase diagram.
3.2.1 Proposed bonding mechanisms
In section 3.1, the effects of different sintering parameters on the die-shear strength were
discussed. In order to achieve high die-shear strength, two prerequisites should be satisfied:
(1) dense Cu oxide layer should not be formed during the process; (2) contacts of nanosilver
particles should not be blocked by the organics. Based on the die-shear tests results, strong
bonds were formed between nanosilver and Cu surface during the processes. However, the
bonding mechanisms between nanosilver and Cu surface were not systematically discussed
previously. Research from Yeadon et al. [108, 109] have reported the bonding mechanisms
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of nanosilver particles in contact with a single crystal Cu surface. They claimed of the
observation of hetero-epitaxial interfacial layers by in-situ TEM characterization. The layer
formation process was illustrated in Fig. 3.10. When nanosilver particles making contact
with a single crystal Cu surface, several monolayers of epitaxially oriented Ag were formed
on the Cu surface. Such phenomenon was named as “contact epitaxy”. The orientation
relation between two metals was also characterized by diffraction-contrast imaging, which
was concluded as (111)Ag//(001)Cu , and [110]Ag//[110]Cu. Their molecular dynamics
simulations indicated that the epitaxial layer formed within picoseconds after contact. The
driving force of the formation of epitaxial Ag layers is the high surface free energy of
nanosilver particles. The boundary between the epitaxial layers and the misoriented
nanosilver particle can easily move through the particle by deformation and mechanical
relaxation, which lead to epitaxial reorientation of the entire nanoparticle. In order to verify
these bonding mechanisms, TEM characterization was performed on our samples, and
careful analysis of the results are presented in the following part.

Fig. 3.10 Schematic illustration of the formation of “contact epitaxy” layers between
nanosilver parities and Cu substrate [109].
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3.2.2 TEM Sample fabrication
A sample of nanosilver sintered die-attachment on Cu surface was cross-sectionally
diced, and then grinded by multiple steps of adhesive sandpapers with increasingly finer
grit sizes. Sintered-Ag/Cu interface was cut, lifted and polished by focused ion beam (FIB)
instrument, in order to meet the sample requirements of TEM characterization.
The sample used in this experiment was a small-area Si die-attachment on Cu surface
fabricated by 4% H2/N2 assisted pressure-less sintering process. In order to successfully
conduct TEM characterization on Ag/Cu interface, ultrathin sample is needed (usually ~
100 nm), so that the high energy electrons can transmit through. For such a high-quality
required sample preparation task, FIB technique was exploited to take on the polishing and
thinning tasks for TEM samples. The FIB instrument used in our experiment is a FEI Helios
600 NanoLab dual-beam workstation [110]. This instrument is capable of nanoscale
lithography, deposition, and tomography. It has a nano-manipulator for precise probing,
straining, picking up and placing nanometer sized objects cut from or deposited on a larger
sample. However, the cutting depth of FIB is typically below 10 µm, which is much smaller
than the distance to directly cut and lift the cross-section of Ag/Cu interface. Therefore,
glancing-angle polishing technique was applied in order to reveal the required region for
FIB processing. Fig 3.11(a) illustrated the sample mounting process. The sintered joint was
placed in a container with Si die side facing downward. An Al sheet (~ 50 µm) was inserted
underneath one side of the sample so as to generate a tilted angle between the Ag/Cu
interface and the sample polishing surface. Mixed mounting resins (acrylic resins, epoxy
resins, and polyester resins) were slowly poured into the container. After curing, the resins
became hard. A subsequent planar grinding and polishing process by abrasives removed
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insignificant parts of the sample and exposed the area of interest – the sintered-Ag/Cu
interface. The grinding and polishing procedures can be better understood by Fig. 3.11(b),
in which the sample polishing direction and the proposed FIB cutting region (the area of
interest) are indicated.

(a)

(b)
Fig. 3.11 Schematic illustration of sample mounting and polishing procedures before FIB
process: (a) sample mounting method with a tilted angle; (b) polishing process and area
of interest.
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After grinding and polishing, the sample was subsequently processed by FIB instrument.
Fig. 3.12 show the major procedures of FIB processing of the sample, which includes
cutting, lifting and thinning of the sample. Fig. 3.12(a) is the top view of the sample before
FIB processing, in which the red rectangle presents the area of interest. In this region,
Ag/Cu interface was several µm underneath the sintered Ag layer. A thin layer of platinum
(Pt) was deposited onto the area of interest as a mark (Fig. 3.12(b)). Such Pt layer also
acted as a grabbing region for the probes. After Pt deposition, focused gallium (Ga) ion
beam started to remove the materials from both sides until the Ag/Cu interface was clearly
revealed (Fig. 3.12(c)). Then the thin piece of sample was lifted out of the bulk by an
omniprobe (Fig. 3.12(d)), on which the sample was further thinned to be around 100 nm
(Fig. 3.12(e)). After all these procedures, a qualified TEM sample was successfully
prepared. TEM Characterization results of the sample are discussed in next section.

(a)
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(b)

(c)
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(d)

(e)
Fig. 3.12 TEM sample fabrication procedures: (a) top view of the sample before FIB
processing; (b) deposition of a thin layer Pt; (c) revealing the area of interest by FIB; (d)
sample lifting by an omniprobe; (e) thinning the sample to ~100 nm thick by FIB.
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3.2.3 TEM characterization of sintered-Ag/Cu interface
TEM instrument utilized to characterize the sample is a JEOL 2100 thermionic emission
analytical electron microscope [111]. It is equipped a silicon drift detector-based energydispersive X-ray spectroscopy (EDS) system which allows rapid, high-throughput
chemical mapping of samples. It also has a special FIB-compatible holder, so that samples
fabricated by FIB system can be directly transferred into the TEM.
Fig. 3.13 shows the bright-field TEM image of sintered-Ag/Cu interface. It is clear that
the sintered-Ag/Cu interface was still well-bonded even after aggressive FIB polishing,
which evidenced the robustness of the interfacial bonding. In addition, densification
process of nanosilver particles during processing is demonstrated, since no separated
nanoscale Ag particle can be observed. However, the sintered Ag was nonetheless porous.
Submicron-sized voids can be clearly observed. Fig. 3.14 shows the EDS mapping at the
sintered-Ag/Cu interface. In this elemental composition map, the sintered-Ag/Cu interface
was well defined, suggesting no intermetallic formation at the interface and extremely low
inter-diffusion rate between Ag and Cu.
Fig. 3.15 show two high-resolution TEM (HR-TEM) images of the sintered-Ag/Cu
interface. Lettice orientations of both Cu and Ag can be detected in both images. Unlike
what has been reported by Yeadon et al.[108], there is no specific lattice orientation
relationship can be concluded bases on these HR-TEM images. The major reason is that
the Cu substrate we used has a polycrystalline surface, thus different orientation
relationships would be generated when nanosilver particles made contact with different Cu
surface orientations. Another reason is related to FIB polishing, such aggressive high-
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Fig. 3.13 Bright-field TEM image of the sintered-Ag/Cu interface.

Fig. 3.14 EDS mapping of the sintered-Ag/Cu interface.
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energy ion milling procedures may change the orientation of either sintered-Ag or Cu.
However, metallic bonds are clearly formed between Ag and Cu, as can be seen in the near
atomic-resolution TEM images. It is believed that there should be certain lattice orientation
relationships between Ag and Cu, by following these relations Ag-Cu metallic bonds
formation can decrease the total free energy of the system. Therefore thermodynamically
the major driving force for Ag-Cu metallic bonds formation is the large surface free energy
of nanosilver particles.
Another finding of TEM characterization worth mentioning is shown in Fig. 3.16.
Carbon (C) residues can be detected at some voids in sintered Ag layer. Since this
nanosilver sintering die-attachment on Cu sample was processed in 4% H2/N2 as sintering
atmosphere, the detected C residue in the sintered Ag layer verified the hypothesis
discussed in section 3.1.1. Hydrogenation or hydrogenolysis of organics in the paste took
place during the heating profile. The organics, which prevent nanosilver particles from
contact one another, can be degraded but not totally removed.

3.3 Summary
Different materials characterization techniques were utilized to provide understanding
of the effects of different sintering parameters on die-shear strength and the bonding
mechanisms of sintered-Ag/Cu interface. Even 1% O2 in sintering atmosphere was still too
high to prevent Cu surface from forming a dense oxide layer; 4% H2 in sintering
atmosphere not only prevented Cu from oxidation, but also degraded the organics by
hydrogenation or hydrogenolysis process with nanosilver as catalyst. External pressure
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(a)

(b)
Fig. 3.15 HR-TEM images of the sintered-Ag/Cu interface.
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Fig. 3.16 TEM image showing the C residue at sintered-Ag layer.
increased the driving force for sintering densification of nanosilver, which led to much
denser microstructures of sintered-Ag. All these characterization results corresponded well
with the results of die-shear tests.
It is believe that “contact epitaxy” Ag layers were formed when nanosilver particles
make contact with Cu surface. In spite of that our TEM characterization results could not
conclude any lattice orientation relations, they provided clear evidence of metallic bonds
formation at sintered-Ag/Cu interface, which correlated to the high die-shear strength.
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Chapter 4
Thermal performance evaluation of nanosilver sintering
die-attachment on copper surface
Thermal management of power electronics is a significant consideration of packaging
design. Operation of electronics devices generate heat, which is an unavoidable by-product
of energy loss. The increase of device temperature is detrimental to the overall performance
and reliability of power electronics systems. Power electronics development trends, like
miniaturization and higher power density, inevitably contribute to severer heat generation
and concentration. The behaviors of many devices will be changed if the temperature is
increased: changing the temperature of passive device usually changes its electrical values,
such as resistance; the gain of bipolar transistor may change by a factor of more than three
and the leakage current may double for every 10 °C rise on its temperature [112]. Heat is
also detrimental for the reliability of electronics packages. Due to the mismatch of CTE of
different layers in the package, thermal stress may generated when temperature change.
With higher temperature, chemical reactions are also more active, which leads to corrosion,
brittle intermetallics formation that may accelerate the failure of the package [12, 113-115].
Clearly, thermal management is one of the most important task for every electronic
packaging design.
Die-attach process is the first-level packaging for power electronics. Since the dieattach layer is in direct contact with the heat source, study of the thermal performance of
the die-attachment becomes especially significant. In this chapter, thermal characterization
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techniques for the die-attachment are firstly discussed in details. Based on these techniques,
a system was designed to evaluate the thermal performance of the die-attachment. Finally,
the thermal performance of nanosilver sintered die-attachment on Cu surface was evaluated
in comparison with solder die-attachment.

4.1 Introduction of thermal evaluation techniques
This section elaborates the background of experimental methods for evaluating the
thermal performance of the packages and die-attachment. Thermal characterization of a
semiconductor device package is the determination of the temperature response of the
semiconductor circuit junctions caused by internal self-heating. The heat generated in the
junction of the device subsequently diffuses though the packaging structure and dissipates
into the ambient. The heat flux density is concentrated at the regions near the die, so for
die-attachment, differences in aspects as package design, material selection, and quality of
manufacture can have enormous impacts on the junction operating temperatures and
reliability. Several characterization techniques are developed for quantitatively evaluating
the thermal performance of die-attachment [112, 116]. These techniques are based on the
measurement of transient thermal impedance (Zth) and junction-to-case thermal resistance
(Rth).
4.1.1 Definition of thermal impedance (Zth) and thermal resistance (Rth)
(a) Transient thermal impedance (Zth)
Thermal impedance (Zth) measurement is a transient, non-equilibrium, component
thermal characterization method. Consideration of transient effects is required in
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applications where the component never reaches a steady state during the operation process.
For example, the components in some small on-board missile applications experience no
more than 100 seconds of intended operation. Characterization of components at steady
state is not useful for such kind of situations.
Zth can be utilized to characterize the thermal attributes of different die-attach structures.
It has been widely applied as a non-destructive testing method for thermal performance
evaluation of power packages. Zth is defined as the difference in temperature between two
isothermal surfaces divided by the flow rate of heat through the hotter surface. Such
definition indicates that Zth value reflect the thermal state of the system before it reaches
thermal equilibrium. Zth value of the two surfaces can be calculated by equation (4.1)

𝑍𝑡ℎ =

𝑇𝑗 −𝑇𝑥
𝑃

(4.1)

in which Tj and Tx are the temperatures of hot and cold isothermal surfaces, respectively;
P represents the total heat flow rate entering the isothermal surface. The unit of Zth is °C/W.
According to the definition, the calculation of Zth does not require equal flow rate of heat
across both isothermal surfaces. Such inequality usually occurs prior to thermal
equilibrium when thermal energy is being stored in the heat capacitances between the
isothermal surfaces.
(b) Junction-to-case thermal resistance (Rth)
The measurement of junction-to-case thermal resistance (Rth) is a common approach to
determine junction temperature of the component by giving a set of environmental
conditions and the power dissipation. This provides a simple and convenient means for
estimating junction temperatures, as can be analogized to electrical resistance. Instead of
being computed as voltage drop between two points divided by current flow, thermal
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resistance is defined as the difference in temperature between two closed isothermal
surfaces divided by the total heat flow between them. It should be noted that these
"surfaces" are not physical, solid surfaces but rather imaginary surfaces of constant
temperature. Defining Tj and Tx as the hot and cold isothermal surface temperatures, and
the total heat flow rate between them as P, the thermal resistance between these two
surfaces is:

𝑅𝑡ℎ =

𝑇𝑗 −𝑇𝑥
𝑃

(4.2)

The unit of Rth in this calculation is °C/W. One thing needs to be point out is that thermal
resistance can only be measured at equilibrium conditions. In this equation (4.2), Rth
calculation requires that the heat flow rates through these two isothermal surfaces to be
equal. Therefore, Rth represents the steady-state thermal resistance value between those
surfaces.
4.1.2 Measurement techniques overview
Based on the definition of Zth and Rth, junction temperature (Tj) needs to be measured
accurately in order to obtain precise Zth and Rth values. For typical power packages, e.g.
TO-247, device junction is not accessible for direct temperature measurement. Even for
bare dice, traditional temperature measurement techniques, such as using thermocouple or
infra-red (IR) camera, have their drawbacks. For thermocouple measurement, making firm
contact between thermocouple and the device junction may possibly damage the device.
For IR camera imaging, it can only detect temperature from dark surfaces. Both of the
measurements have a relative high time constant, which may generate large measurement
error when used for transient measurements.
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To overcome these limitations, electrical method is exploited instead. The electrical
method for Tj measurement is a widely used approach today [117-119]. It is a direct, noncontact technique since it utilizes the junction itself as the temperature sensor. It is based
on electrical-temperature properties of semiconductor junctions. The most common
implementation of this method is the use of forward voltage drop (Vf) of a junction as the
temperature sensitive parameter (TSP) for power diodes and bipolar power transistors.
Similarly, the electrical method of junction temperature measurement is based on a
temperature and voltage dependency exhibits in all power device junctions. This
relationship can be measured and used to calculate the Tj in response to the power
dissipation. For example, power diodes possess a nearly linear relationship between TSP
(Vf) and Tj when a constant forward-biased current is applied. The linear relation between
TSP and Tj can be drawn as equation (4.3):
𝑇𝑆𝑃 = 𝐾 × 𝑇𝑗 + 𝑐

(4.3)

in which K is the slope of the linear fitting. For semiconductor junctions, the slope K of
the calibrated straight line is always negative. For example in power diodes, Vf usually
decreases with increasing Tj. The absolute value of K is named “K-factor” with the unit of
mV/°C. The temperature intercept c is always positive and equal to the TSP when
semiconductor junction temperature is 0 °C. Xiao et al. [120] reported that insulated-gate
bipolar transistor (IGBT) also has a TSP. For a given collector current (Ic) and collector–
emitter voltage (Vce) across an IGBT, the gate–emitter voltage (Vge) is a TSP. K-factor of
this TSP was reported to be 10 mV/°C.
Zth and Rth of power packages can be measured based on TSPs. For transient Zth
measurement, a heating pulse with specified pulse width and power dissipation is applied
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to the package. The response of Tj to the heating pulse can be represented by TSP change
− a change of voltage which can be accurately recorded and calculated. For steady state Rth
measurement, power packages are usually mounted on a chill-plate with liquid cooling.
Constant power dissipation is applied to the package to increase the Tj. After a certain time
period, Tj will reach a steady state. Then Tj can be recorded by recording TSP under steady
state, and the case temperature can be measured by thermocouple. In the next section, a
custom designed test system is discussed in detail, by which both Zth and Rth of IGBT
packages can be measured.

4.2 System design and measurement procedures
In this section, the details of the custom-built Zth and Rth measurement system and the
measurement methodologies are discussed. This system is capable of measuring both Zth
and Rth of IGBT packages.
4.2.1 Design of the test system
Fig. 4.1 shows an overview of the system. It contains a custom-designed circuit board,
a multifunctional data acquisition system (DAQ, NI USB-6211), a power supply (Agilent
E3631), and a computer with LabVIEW programs to control and communicate with
different parts of the system. More details of the circuit design and LabVIEW codes can
be found in Appendix A and B.
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Fig. 4.1 Overview of the custom-built Zth and Rth measurement system
4.2.2 Zth measurement principle and procedures
The basic principle of Zth measurement can be summarized in equation (4.4):

(4.4)
Zth is defined as the time response (th) of the temperature difference of an IGBT junction
caused by constant power dissipation (P). The gate-emitter voltage (Vge), was chosen as te
TSP for Zth measurement. Based on Xiao et al. [120], a linear relationship exists between
Vge and Tj at a small constant collector current (e.g., 2 mA). The parameter K in equation
(4.4) represents the slope of the linear curve fitting plot of Vge versus Tj. Such linear
relationship can also be verified by custom designed system. Fig. 4.2(a) shows the
schematic for verifying the linear relation between Vge and Tj. A control loop in the circuit
can maintain a constant Ic at 2 mA, which is a small value in order to avoid device self72

heating during measurement. The IGBT package is immersed into a beaker of dielectric
liquid (for temperature uniformity), which is heated by a program-controlled heating stage.
A K−type thermocouple is attached to the IGBT package. During the heating process, the
DAQ collects the Tj and Vge values. Typical measured results and the optimized linear
fitting are shown in Fig. 4.2(b). K in eq. (1) is the slope of the fitted line.
For Zth measurement, the waveform of Vge around the heating pulse was recorded by
DAQ. From the waveform, Vge_i and Vge_f can be extrapolated. The power dissipation P
was recorded by multimeters that connected on device under test (DUT). Thus all the
parameters required for calculating Zth in equation (4.4) were obtained, and Zth of different
heating pulse width for IGBT packages can be calculated.

(a)
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(b)
Fig. 4.2 (a) Schematic illustration of measuring linear relationship between Vge and Tj
and (b) measured data and best linear fit to data.
The schematic diagram of Zth measurement circuit is shown in Fig. 4.3 (more details
can be found in Appendix A). A reference voltage and two op-amps serve as voltage
amplifier to give a constant Vs as 20 mV. RS2 is equal to 10 Ω, thus as the collector current
for measurement, Ic-m, is equal to 2 mA. A small-valued resistor RS1 along with switch S1
are paralleled to RS2. The on and off state of switch S1 is controlled by the function that is
generated from DAQ. When the switch turns on, collector current becomes large (Ic-h), thus
gives a heating pulse to heat up DUT.
The actual Vge waveform triggered by the heating pulse is exemplified in Fig. 4.4(a).
This waveform was recorded by DAQ with a data recording frequency of 250 kHz. The
parameters needed for calculating Zth are the Vge values before (Vge_i) and after (Vge_f) the
heating pulse. Since Vge remained constant before the heating pulse, Vge_i was calculated
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Fig. 4.3 Schematic diagram of Zth measurement circuit.
by averaging the Vge data before the heating. For the measurement of Vge_f, Fig. 4.4(b)
shows the zoom-in raw data taken right after the heating pulse. Because some noise
generated in the waveform when turning off the heating power, Vge_f cannot be directly
read out form the recorded raw data. Based on the ideal transient thermal dissipation
principle [121], Tj of DUT, which corresponds to Vge, has a linear relation to the square
root of the cooling time after the heating pulse. Therefore, Vge data between 200 and 1600
µs after the heating pulse were chosen for the linear regression to the square root of cooling
time. Then the fitting line was extrapolated to time zero to get Vge_f. Finally, for the heating
power P, it was accurately measured by multimeters which directly connected to the IGBT
package (represented as blue in Fig. 4.3).
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(a)

(b)
Fig. 4.4 (a) Typical waveform of Vge recorded by DAQ; (b) zoom-in waveform for Vge_f
calculation.
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4.2.3 Rth measurement principle and procedures
Rth of certain IGBT packages can also be measured by the aforementioned system. The
measurement method is discussed in detail in this section.
For traditional junction-to-case Rth measurement technique [122], typically the case
temperature should be measured by thermocouple which needs to be in direct contact with
the case. Such measurement technique presents the difficulty of accurately measuring the
package case temperature, especially when the case surface is in close contact with a heat
sink. As a result, these thermocouple-based measurement procedures suffer from relatively
high measurement error, which further complicated the data comparison process among
different testing systems.
To tackle these challenges, a series of advanced measurement procedures were designed
for our system, and a recently released JEDEC standard -- JESD 51-14 [123] was applied
to guide our Rth measurement. The basic measurement steps are as follows.
1. Mount the testing device under test (DUT) onto a chill plate, with the assistant of
100 kPa pressure to fix the DUT;
2. Apply constant power dissipation to DUT, and heat up the DUT until it reaches a
steady state Tj;
3. Turn off the heating power and start to record the cooling curve of Tj, typically for
100 seconds;
4. Do double measurements by repeating step 1 to 3: one measurement with thermal
grease in between DUT and chill plate, the other without thermal grease in between;
5. Use software “TDIM-master” to calculate the junction-to-case Rth. The software
can be downloaded from JEDEC official website [124].
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Several additional accessories were also installed into the measurement system. Fig. 4.5
shows the DUT fixture and the chill plate. DUTs for our Rth measurement are the same
IGBT packages used for measuring Zth. Vge is also applied as TSP for accurately sensing
the Tj. Fig. 4.6 is a LabVIEW captured waveform of the recording region for Vge after
turning off the power.

Fig. 4.5 The press and chill plate applied for Rth measurement.

Fig. 4.6 Vge recording region for IGBT package for Rth measurement.
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4.3 Measurement results and discussion
4.3.1 Zth measurement results and discussion
Table 4.1 shows the reproducibility test results for Zth measurement. Ten measurements
were performed on the same sample with identical heating power dissipation (15 W) and
heating pulse width (40 ms). The coefficient of variation (CV, standard deviation divided
by average) of the measurements is less than 0.1%. Such great reproducibility of the system
is due to the high recording frequency of data by the DAQ.
Table 4.1 Reproducibility test results for Zth measurements.
10 different Zth(40 ms) measured for one IGBT assembly (K/W)
0.835227

0.835160

0.833984

0.834518

0.833312

0.833912

0.833140

0.833839

0.834936

0.833646

Avg.

Std.

CV (Std./Avg.)

0.834167

7.5185 × 10-3

0.09%

Next six IGBT (PCFG75N60SMW from Fairchild Semiconductor, die dimensions as
7.2 mm ×6.7 mm ×70 µm) packages were fabricated with different die-attach techniques:
three of them were attached onto DBC with Cu surface by the process developed for largearea dice; the other three were attached onto the same DBC by soldering (SAC305 from
AMTECH, material property comparison with sintered nanosilver can be found in Table
1.2). All the packages have the same sample configuration, as shown in Fig. 4.7. Zth values
of all these IGBT packages were measured by this system with several different heating
pulse widths. For packages with same die-attach material, the difference of Zth is very small
(< 1%). The average Zth results for these two different die-attach materials are plot in Fig.
4.8. It is clear that SAC305 soldered IGBT packages has higher Zth values than nanosilver
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sintered on Cu ones. With the increase of heating pulse width, the absolute margin between
them also increased. For Zth of 40 ms heating (Zth(40 ms)), the value of nanosilver sintered
on Cu IGBT packages is 12.6% lower than the soldered counterparts. These results not
only demonstrated the thermal evaluation capability of the test system, but also verified the
great thermal performance of nanosilver sintered die-attachment on Cu surface.

Fig. 4.7 Sample configuration of IGBT package.

Fig. 4.8 Zth measurement result for different die-attach materials.
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4.3.2 Rth measurement results and discussion
Fig 4.9 shows the interface of software “TDIM-master” after importing the recorded Rth
measurement data, which represents the cumulative structure functions of the DUT.

Fig. 4.9 Cumulative structure functions for calculating the Rth of an IGBT package.
Table 4.2 shows the reproducibility test results of Rth measurement for the same IGBT
package. The cooling curves of Vge were measured 5 times for both conditions: there
was/was not thermal grease in between DUT and chill plate. “TDIM-master” calculated
Rth values by pairing curves from different conditions. The results showed very good
reproducibility with only 1.25% CV, much lower when comparing to the traditional Rth
measurement methods with thermocouples (> 10%) for case temperature measurement.
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Table 4.2 Reproducibility test results for Rth measurements.
Rth-jc (K/W)

Measurement with thermal grease
Avg. Rth:

Measurement
1

2

3

4

5

0.3356 K/W

1

0.331

0.340

0.327

0.338

0.339

Std.:

2

0.344

0.339

0.335

0.337

0.339

0.0042 K/W

3

0.341

0.337

0.333

0.326

0.337

4

0.339

0.336

0.332

0.333

0.335

5

0.338

0.335

0.331

0.333

0.335

without thermal
grease

CV (Std./Avg.):
1.25%

In order to compare the contributions of different die-attach techniques to Rth, those
IGBT packages used in Zth measurements were also utilized in Rth measurements. The
calculated Rth results showed that, for the same power dissipation (45 W), nanosilver
sintered IGBT packages has average of 21.1% lower Rth values than that of the SAC305
solder ones.

4.4 Summary
Heat dissipation induced temperature increase during the operation of power devices
usually is the major cause of the failure. Therefore, thermal management of power
packages require significant considerations. Die-attachment, as the first layer in the heat
dissipation pass, plays the most important role for the overall thermal performance of the
package. In this study, both Zth and Rth were utilized to evaluate the thermal performance
of nanosilver sintered die-attachment on Cu surface.
A measurement system was designed and constructed, which was capable of measuring
both Zth and Rth of IGBT packages. The high frequency data recording capability of the
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DAQ ensured high reproducibility of the measurements: for Zth measurement, the
measurement CV was less than 0.5%; whereas for Rth measurement, the measurement CV
was also as low as 1.25%. Such great reproducibility of the measurement enables
meaningful and reliable comparison of thermal performance between different die-attach
techniques.
Same IGBT dice were attached onto Cu surface by both nanosilver sintering and
SAC305 solder reflow. With same sample geometry, nanosilver sintered IGBT packages
have an average of 12.6% lower Zth(40 ms) and 21.1% lower Rth-jc than the SAC305 solder
counterparts. These results indicate that the nanosilver sintered die-attachment on Cu
possess great thermal performance.
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Chapter 5
Reliability of nanosilver sintering die-attachment on
copper surface
The reliability performance of power electronic systems imposes huge challenges in
various emerging applications [125-127]. Reliability describes the ability of a system or
component to function under stated conditions for a specified period of time. In order to
analyze the reliability of power electronic systems, proper testing methods are necessary.
This chapter discusses in detail how to perform reliability testing for die-attachment.
Two testing methods – passive temperature cycling and active power cycling, were
successfully implemented in this research. The reliability of nanosilver sintering dieattachment on Cu surface is thoroughly evaluated.

5.1 Reliability testing systems
In the industry, there are two different approaches to evaluate the reliability of the dieattachment: passive temperature cycling and active power cycling. For temperature
cycling, usually an environmental temperature cycling chamber is used to realize the
cycling of sample temperature. The heating and cooling of the samples are all proceeded
by external environment, which is why such test is named passive cycling. Temperature
cycling test can evaluate the ability of components and interconnects to withstand
mechanical stresses induced by alternating high- and low-temperature extremes from the
working environment. Permanent changes in electrical and/or physical characteristics can
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result from thermo-mechanical stresses generated over temperature changes. However, for
power cycling test of power device packages, the heat is generated and controlled by the
power dissipation of the device at the junction. A temperature gradient is generated in the
testing sample structure after heat is generated at the junction. Power cycling test is
conducted to determine the ability of components to withstand thermo-mechanical stresses
induced by cyclic, non-isothermal high and low temperatures induced by device operations,
including options like standby, hibernate or mini cycles found in different applications.
In sum, passive temperature cycling test simulates the harsh environmental conditions
that some electronics may suffer, whereas active power cycling test accelerates the actual
functional cycles of the device during operation. Since the failure of packages may be
caused by either the harsh working environment or heating cycles of the device
functioning, both of the cycling tests are worth performing so as to evaluate the reliability
of the electronics packages from different perspectives and to provide guidance for their
various applications. The systems implemented for performing these two types of cycling
tests are discussed below:
5.1.1 Passive temperature cycling test system
Fig. 5.1 is an overview of the system for passive temperature cycling test. The main part
is an environmental cycling chamber (from Tenney Inc.). The chamber by itself can
program the cycling of temperature, but the cooling rate is not satisfactory if the cycling
temperature range is large (such as ΔT > 200 °C). In order to increase the cycling rate and
also push the maximum cycling temperature range, a heating stage was placed inside the
chamber (Fig. 5.2), which was connected to a set of control system and power supplies.
The control system contains a temperature controller, which controls the temperature of
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the heating stage. Other components of the control system include a timer and a counter,
which are used to control the time for heating and cooling phases and count the number of
cycles completed, respectively. The chamber was maintained at low temperature (such as
-50 °C) to increase the cooling rate. Samples for cycling test were fixed onto the hot stage
by thermal grease.

Fig. 5.1 Overview of temperature cycling system.

Fig. 5.2 Heating stage inside the chamber, with testing samples on top of it.
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A DAQ with thermocouple was applied to verify the actual temperature on the heating
stage. The thermocouple was firmly fixed on the top of the heating stage. Fig. 5.3 shows
the measured temperature on the surface of the heating stage. Heating profile of the test
condition G in JEDEC standard is also shown in Fig. 5.3 as a comparison. Because the
temperature of the samples is controlled by the heating stage, the maximum temperature
for cycling is no longer limited by the chamber specifications. This modified system is able
to perform temperature cycling test with large temperature extremes, such as Tmax > 200
°C, in response to the trend of high temperature applications of power electronics.

Fig. 5.3 Comparison between DAQ measured cycling temperature profile and JEDEC
standard profile.
5.1.2 Active power cycling test system
The constructed testing system for Zth and Rth measurements also has the capability of
performing active power cycling test on IGBT packages. The basic principles of the active
power cycling test is shown in Fig. 5.4. For IGBT, Vge is still used as the Tj sensing
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parameter for setting the temperature range of power cycling test. The logic part of the
circuit can control the switch for on and off states of the heating power for DUT. LabVIEW
programming codes were developed to manage the control of the system and count the
cycling numbers. In order to realize different cycling waveforms of Tj, modifications can
be done to the power cycling test parameters, such as changing heating power levels or
cooling capacities (such as fan or water cooling). Fig. 5.5 displays a screen shot of a typical
cycling waveform of Tj from the designed LabVIEW interface. In this case, active power
cycling test was performed as Tj was cycled from 45 to 175 °C. The heating power was
chosen as 45 Watts and cycling period was 30 seconds. Zth value of the IGBT package was
used as the gauge for sample failure. It is believed that defects (such as cracks or
delamination in die-attach layer) may generate in the package structure after certain
number of power cycles, which leads to an increase of its Zth value. In our power cycling
test, 20% increase of Zth from the initial value is regarded as the failure point of power
cycling test.

Fig. 5.4 Schematics of the principle of power cycling test of IGBT assemblies.
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Fig. 5.5 Screen shot of power cycling waveform of Tj in LabVIEW program.

5.2 Passive temperature cycling test results and discussion
5.2.1 Experimental procedure
For temperature cycling test, the cycling range was set to be -40 – 125 °C with cycling
period of 60 min, which follows the test standard JESD22-A104D test condition G. There
were two main reasons underlying the selection of such cycling range. Firstly, previous
researchers have found out that DBC substrates would fail before the die-attachment if Tmax
was set too high (such as >200 °C) [128, 129]; secondly, temperature cycling results
followed by such temperature range can be compared with previous works of temperature
cycling of lead-free solder joints [130, 131].
For small-area dice, samples made for temperature cycling test include 3 × 3 mm2
dummy Si dice attached onto DBC with Cu surface for die-shear tests. Fig. 5.6 shows a
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quad flat no-leads (QFN) package used for X-ray computed tomography (CT) scanning
and cross-sectional SEM imaging. In these QFN packages, 2.5 × 1.8 mm2 Si dice were
attached onto Cu lead frames before encapsulated with epoxy mounding compound and
singulation. Die-attachment were sintered in 4% H2/N2 at 280 °C. Other processing
parameters for sample fabrication were detailed in Section 2.2. All the samples were
mounted on the heating stage inside the chamber with thermal grease (shown in Fig. 5.2).
For every 200 cycles, four DBC samples (a total of eight dice) were taken out of the
chamber for die-shear tests. With the same sampling interval, five QFN packages were
randomly taken out for characterization. Non-destructive X-ray CT scanning technology
was first performed on these samples to determine the delamination percentage after the
cycles. Then the packages were cut cross-sectional SEM imaging.

Fig. 5.6 A typical sample of chips bonded on Cu lead-frames prepared for temperature
cycling tests.
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For large-area dice, die-attachment samples fabricated by the modified double-print
low-pressure assisted sintering process were also applied for reliability verification. 6 × 6
mm2 alumina mechanical dice were applied with considerations of the die-shear test
feasibility. The applied external pressure was chosen to be 3 MPa. Other sample fabrication
process parameters were detailed in Section 2.3. Four IGBT packages that were used in for
Zth measurements were also utilized in the temperature cycling test. For every 200 cycles,
six mechanical samples were randomly taken out of the chamber for die-shear tests. Zth of
those four IGBT packages were measured every 100 cycles.
5.2.2 Test results and discussion
Fig 5.7(a) and Fig. 5.7(b) show the die-shear strength versus temperature cycling
number for small-area and large-area die-attachment, respectively. A total of 1000 cycles
were completed during the cycling test. It can be seen that the average die-shear strength
for small-area die-attachment samples has no significant change throughout the entire
cycling process, which is still about 30 MPa after 1000 cycles. Whereas for the large-area
die-attachment samples, the average strength dropped from the initial 40 MPa to about 20
MPa. Nevertheless, 20 MPa is still not a low strength value. It is believed that the larger
die-shear strength drop in large-area samples was due the rougher die surface and also the
larger thermal stresses induced during the cycling. Typical lead-free solder samples, such
as SAC305, when evaluated by the same temperature cycling test, had their average dieshear strength dropped to lower than 10 MPa after 500 cycles, and those results were just
for small-area dies.
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(a)

(b)
Fig. 5.7 Changes of die-shear strength of the nanosilver sintered die-attachment on Cu
during temperature cycling: (a) 3 × 3 mm2 Si dice; (b) 6 × 6 mm2 Al2O3 dice.
92

2D X-ray images of all QFN packages subjected to different number of cycles are shown
in Fig. 5.8. The dark regions in the middle of the X-ray images indicate the die-bonded
areas. The delamination ratio δ is calculated by the following equation:

𝛿 =1−

𝐴𝐵𝑜𝑛𝑑𝑒𝑑
𝐴𝐷𝑖𝑒

(1)

in which the bonded area (ABonded) can be measured and calculated by the software ImageJ and the die area (ADie) is the actual die size. The calculated results are plotted in Fig. 5.9.

Fig. 5.8 2D X-ray images of cycled QFN packages.
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Fig. 5.9 Average delamination ratio δ versus number of temperature cycles.
It can be noticed in Fig. 5.8 that delamination is observed randomly at the corners of the
die-attach area for almost all the packages, regardless of the number of cycles. For example,
the X-ray image of the 4th sample with 0 cycle shows obvious corner delamination;
however, the X-ray image of the 1st sample with 1000 cycles shows very small
delamination. Based on our observations, the delamination of the joint was generated
during the die-attach processing stage. Since the dice applied in QFN packages were thin
and light, the pick-and-place fixture used in the die-mounting process could introduce
several degrees of tilting between the die and the substrate. Initial tilting between dice and
substrates would potentially generate delamination between dice and sintered Ag, because
there would be a vertical densification shrinkage of the sintered Ag during the sintering
process. Due to the small sampling number (five measurements for each condition), the
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measurement errors for such calculations are relatively large. It is hard to conclude that the
variation of delamination percentage with the number of temperature cycles shows any
significant trend. We believe that no significant additional delamination was generated
during the temperature cycling of these QFN packages. However, even for QFN packages
after 1000 temperature cycles, the average delamination ratio is lower than 10%, which is
significantly lower than typical solder die-attach joints [132, 133]. For soldering, large
gross voids may be introduced in die-attach layer during the reflow processes. These voids
in solder die-attach layer could cause thermal problems during device operation.
Meanwhile, power semiconductor devices were typically designed with P-N junctions in
the center of the dice. For die-attachment, a low percentage of corner delamination has
considerably lower thermal impact than the voids or delamination underneath the center of
the dice [134]. In a word, these X-ray images verified the thermal robustness of the samples
under thermo-mechanical stresses during temperature cycling.
Fig. 5.10 shows the SEM image of a cross section of one QFN package after 1000
temperature cycles. It shows no crack or delamination at sintered-Ag/Cu interface. Besides,
no intermetallic or Cu oxide can be detect at the interface. This cross-sectional SEM image
demonstrates the robustness of the sintered-Ag/Cu interface under temperature cycling
loads. Jiang et al. [130, 131] compared temperature cycling reliability of nanosilver
sintered joint and two lead-free solder joints. SEM images in their results shown that large
interfacial cracks formed in solder joints after 800 cycles of same cycling temperatures as
our tests.
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Fig. 5.10 Cross-sectional SEM image of QFN package after 1000 temperature cycles.
For those four IGBT packages (labeled as C1, C2, C3 and C4), Zth of 40 ms heating
(Zth(40 ms)) was measured after every 100 temperature cycles. Fig. 5.11 shows the measured
results. It can be noticed that Zth(40 ms) had no change throughout the cycles. However, the
DBC substrates started to delaminate at the corners after 800 cycles, so the test was stopped
at that cycle number.

Fig. 5.11 Zth(40 ms) of IGBT packages versus number of temperature cycles.
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All the test results indicate good temperature cycling reliability of the joints processed
by nanosilver pressureless sintering on Cu surface. It is of great interest of this study to
investigate and explain these test results, especially the excellent reliability of the sinterAg/Cu interface.
In Chapter 3, the sinter-Ag/Cu interface formation process during the heating was
discussed. Conclusion was drawn that strong metallic bonds between Ag and Cu are
formed. The strong sintered-Ag/Cu interface leads to great temperature cycling reliability,
especially that Ag and Cu have compatible CTE (Ag-18 ppm/k, Cu-17 ppm/k). Fig. 5.12
shows a SEM image of a sample after 1000 cycles with the top view of Ag/Cu interface
after the die has been sheared off. Sintered Ag residues can be clearly observed, in support
of the explanation of interfacial metallic bonds formation.

Fig. 5.12 SEM image of Ag/Cu interface after shearing off of die. Sample has finished
1000 cycles.
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Another significant reason for the good temperature cycling reliability is the low speed
of Ag/Cu inter-diffusion in the range of cycling temperatures studied. For comparison, a
tin-based solder die-attach on Cu surface is discussed here. Zeng et al. [135] studied the
interface of Pb-Sn solder joints on Cu surface. Their results indicated that intermetallics
are formed as separate layers at the interface, which cause the formation of Kirkendall
voids as a result of fast Cu diffusion into the intermetallics when the temperature reaches
100 °C. The Kirkendall voids grew and correlated with one another at the interfaces
between Cu and the intermetallics during their aging tests, which caused the interfacial
failure of their joints. So et al. [136] also studied the inter-diffusion between Cu and Cu/Sn
intermetallics. In their study, the inter-diffusion coefficient has been extrapolated. Based
on their extrapolation, the diffusion rate at different temperature can be calculated.
Butrymowicz et al. [137] studied the Ag/Cu inter-diffusion. From these studies, it can be
calculated that Cu diffuses at least ten orders of magnitude slower in Ag than in Cu/Sn
intermetallics at 125 °C. These results indicate that thermally enhanced inter-diffusion
between Ag and Cu has limited effect on the reliability of our nanosilver-sintered joints on
Cu.

5.3 Active power cycling test results and discussion
5.3.1 Experimental procedures
An IGBT package used in Zth measurement was utilized in this active power cycling
test. In order to simulate the actual commercial package, and protect the IGBT bare die
surface from unexpected shorting by dirt or moisture in air, the IGBT package was
encapsulated by thermosetting epoxy. Fig. 5.13 shows the IGBT package after the
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encapsulation. Fig. 5.14 shows the sample fixture. A fan was installed to increase the
cooling rate of cycling. The power applied for heating the sample was 27.5 W, and the
cycling waveforms of Tj are shown in Fig. 5.15. The cycling range of Tj is 45 – 175 °C,
and cycling period is 100 seconds. Zth(40 ms) of the cycling sample was measured for every
750 cycles, in order to monitor the failure of the IGBT package.

Fig. 5.13 IGBT package applied for active power cycling test after encapsulation.

Fig. 5.14 Sample fixture for active power cycling test.
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Fig. 5.15 Screen shot of active power cycling waveform of Tj (45 – 175 °C).
5.3.2 Test results and discussion
Fig. 5.16 shows the change in Zth(40 ms) with the number of power cycles. An increase of
20% in Zth(40 ms) over the initial value, which is regarded as the failure criterion, took place
at around 48,000 cycles. However, the sample did not completely fail until 64,603 cycles.
There were two wires bonded on the emitter pads of IGBT before power cycling test. It
was found that the sample was failed by wirebonds lifting. One of the wire was lifted at
round 48,000 cycles, which correlated to the large step increase on the Zth(40 ms) versus cycle
number plot. Then the other wire failed at 64,603 cycles. Fig. 5.17 shows the 2D X-ray
image of the IGBT package after its failure in the power cycling test. According to this
image, no defects can be found at the nanosilver sintered die-attach layer. These results
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demonstrated that nanosilver sintered die-attachment on Cu surface have a power cycling
lifetime higher than 64,603 cycles with Tj from 45 °C to 175 °C.

Fig. 5.16 Power cycling test results of IGBT package: Zth(40 ms) versus number of cycles.

Fig. 5.17 2D X-ray image of the IGBT package after power cycling test (64,603 cycles).
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5.4 Summary
Reliability of die-attachment needs to be evaluated for power packages. Both passive
temperature cycling and active power cycling systems as well as testing procedures were
discussed in detail. For temperature cycling system, a heating stage installed in an
environmental chamber can push the cycling temperature limit and also shorten the cycling
period. Whereas for power cycling, different heating power and cooling system can be
applied to modulate the Tj cycling profile of IGBT packages.
Various samples of nanosilver sintering die-attachment on Cu surface were fabricated
for passive temperature cycling test. With cycling temperature range of -40 – 125 °C and
cycling period of 60 min, average die-shear strength of small-area die-attachment samples
showed insignificant change after 1000 cycles, which was still about 30 MPa. For largearea die-attachment samples, average die-shear strength dropped from 40 MPa to 20 MPa
after 1000 cycles, which was nonetheless not a weak die-shear strength value. IGBT
packages showed almost no change of Zth(40 ms) after 800 cycles. One IGBT package was
encapsulated for the active power cycling test. With a cycling Tj profile of 45 – 175 °C,
and period of 100 seconds, the encapsulated IGBT package demonstrated a lifetime of
48,000 cycles with the failure of wirebonds lifting.
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Chapter 6
Summary and future work
6.1 Summary of the research
Nanosilver sintering technique is emerging as a promising die-attach solution for
electronic packaging demanded in high heat-flux, high-temperature, and high-reliability
environment. When compare to the traditional soldering die-attachment, the nanosilver
sintered die-attachment possesses higher thermal and electrical conductivities, much higher
theoretical application temperature and much better cycling reliability. Most of the Agsintering processes reported in the literature require the attaching surface of the substrate
coated with Ag or Au. Such requirement potentially increased the overall cost of the
packaging process, and limited the application scope of this a promising die-attach
technology. In this study, the feasibility of nanosilver sintering die-attachment on bare Cu
surface was fully investigated. Conclusions from all the chapters are listed as follows.
Chapter 2 detailed the processing of nanosilver sintering die-attachment on Cu surface.
Critical step as preventing Cu surface from oxidation needs to be managed in order to
achieve strong die-attachment. For small-area dice, different sintering atmospheres were
utilized. Pressure-less sintering in 4% H2/N2 sintering atmosphere was demonstrated to be
a practical process. Die-shear strength of samples fabricated by such process reached over
40 MPa. For large-area dice, a modified double-print, low-pressure-assisted sintering
process was developed, in which the first layer paste was completely dried in pure N2
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whereas the second layer served as a wetting cushion. Such processing was also feasible to
achieve die-shear strength over 35 MPa by only applying 3 MPa sintering pressure.
In Chapter 3, different characterization techniques were utilized to provide
understanding of the effects of different processing parameters on bonding quality and
bonding mechanisms. Cu oxidation was unavoidable even as low as 1% O2 was presented
in sintering atmosphere. Inert sintering atmosphere such as pure N2 can totally prevent the
Cu oxidation but the nanosilver suffered from not being densified, which was due to the
insufficient removal of organics in the paste. By adding 4% H2 into pure N2 as the sintering
atmosphere can solve this problem.

Organics in the paste can be degraded by

hydrogenation or hydrogenolysis processes during the heating, in which nanosilver served
as the reaction catalyst. Much denser microstructures of sintered-Ag were evidenced by
SEM imaging. Great die-shear strength also indicates strong sintered-Ag/Cu interface. It is
believe that “contact epitaxy” Ag layers were formed when nanosilver particles make
contact with Cu surface. TEM characterization provided clear evidence of metallic bonds
formation at sintered-Ag/Cu interface.
Chapter 4 elaborated the technologies of Zth and Rth measurements for evaluating
thermal performance of the die-attachment. A system was designed to measure both Zth
and Rth of IGBT packages. Great design of the system realized the measurement CVs as
low as 0.5% for Zth measurement and 1.25% for Rth measurement. Results measured by
such system indicated that nanosilver sintered die-attachment on Cu has average 12.6%
lower Zth(40

ms)

and 21.1% lower Rth-jc than SAC305 solder counterparts, which

demonstrated the great thermal performance of nanosilver sintered die-attachment on Cu.
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In Chapter 5, the great reliability to the cyclic temperature loads of nanosilver sintered
die-attachment on Cu was verified by the results of both passive temperature cycling and
active power cycling tests. Average die-shear strength of samples showed no significant
decrease after 1000 passive temperature cycles with temperature range from –40 to 125
°C. With same test condition, IGBT packages showed no change of their Zth(40 ms) values
after 800 cycles. Active power cycling test of an IGBT package with Tj from 45 to 175 °C
presented a lifetime of 48,000 cycles, which failed with wirebonds lifting.

6.2 Proposed future work
In this study, the feasibility of nanosilver sintering die-attachment on Cu surface has
been demonstrated. However, the exploration of such technology from this dissertation is
far beyond completion. The following research topics are recommended by the author to
further improve such technology and promote its application in the industry.
6.2.1 Simplification of the processing
In spite of that great mechanical, thermal performance and reliability have been
demonstrated for nanosilver sintered die-attachment on Cu surface, the processing is not
ideal for such technology to be fully implemented in the power semiconductor industry.
Further simplifications of the processing are needed, such as shortening the processing
time, utilizing inert sintering atmosphere instead of forming gas, and eliminating the
external pressure for the large area die-attachment. All these processing improvements may
come true by modifying the formulation of nanosilver paste. Characterization results
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presented in this dissertation would be a piece of valuable resource for further research and
development of the material formulation and its applications.
6.2.2 Further testing of reliability
In this research, only two types of reliability test methods were applied to evaluate the
reliability of the nanosilver sintered die-attachment on Cu surface. The results from these
tests indicated that the die-attachment were mechanically and thermally robust in regard of
cyclic temperature loads. Much more aspects of the overall reliability of the die-attachment
need to be verified before such technology can be adopted in power semiconductor industry.
Those feasible reliability test methods are: high temperature storage test, thermal shock
test, autoclave test, and temperature humidity bias test.
6.2.3 Technology demonstration
The significance of the fundamental research of nanosilver sintering die-attach
technology can be fully represented by its potential applications. Recently, a great amount
of work have been carried out by utilizing such technology to build power modules. Current
power module industry is facing multiple challenges. The advancement of WBG devices
demands new topologies of packaging design to harvest their great performances. Threedimensional (3D) architectures for power module design may potentially utilize the top
surfaces of the devices as additional cooling channel. However, due to the melting step in
the process, realizing 3D structure by solder reflow die-attach technique is extremely
difficult. In contrast, the processing of nanosilver sintering does not have a melting step,
thus bondline thickness can be secured. Research work has been performed to design,
analyze and fabricate power modules by nanosilver sintering technology, in order to
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demonstrate the concept of double-sided cooling structural design [138]. The technology
of nanosilver sintering die-attachment on Cu surface discussed in this dissertation can be a
great supplement to that double-sided cooling structure design of power modules. The
finishing surface of the substrates used in building power modules by nanosilver sintering
die-attach technology can be bare Cu, such improvement potentially increases the design
versatility and decreases the overall cost of the packaging processes. Future work related
to this area is worthwhile.
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Appendix A
Circuit design details of the testing system for Zth, Rth
measurements and power cycling test
In Chapter 4, a custom-designed thermal testing system was utilized to perform both Zth
and Rth measurements for IGBT packages. The same system also designed to have the
capability of performing power cycling test on IGBT packages, which was mentioned in
Chapter 5. In this appendix, details of the circuit design for that system are presented.
A schematic diagram of Zth measurement and the power cycling circuit is shown in Fig.
A.1. The major components used in the circuit are summarized in Table A.1. This circuit
consists of two control loops. The first is for regulating the power. The power dissipated in
the IGBT during heating is used to calculate Zth and to provide the heating phase during
power cycling. In this loop, there is a combination of resistors between the IGBT emitter
terminal and ground. The equivalent resistance between the emitter terminal and ground is
designated as Rsense, which is used for Ic sensing. The voltage across Rsense is amplified by
a gain amplifier with a high gain (G = 1+Rf/Ri = 101). The output voltage of the gain
amplifier is further given as an input to an operational amplifier in integrator configuration.
The output of the integrator controls the gate voltage of the IGBT. The other input of the
integrator comes from a fixed reference voltage of Vref = 2 V. The integrator acts as an
error amplifier in the control loop. It compares the output of the gain amplifier with Vref
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Fig. A.1 Circuit design schematic of thermal characterization system.
Table A.1 Components used in circuit design of thermal testing system.
Part Number

Manufacturer

Amplifier

LT1806

Linear Technology

Vref

LM4128

Texas Instruments

IPB009N03L

Infineon

AND Gate

SN74HC08

Texas Instruments

Inverter

SN74HC04

Texas Instruments

Comparator

LTC1540

Linear Technology

SR Flip-Flop

CD4043BE

Texas Instruments

Sample-and-Hold

SMP04

Analog Devices

MOSFET
(Q1, Q2, Q3)
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connected to its non-inverting terminal. The closed loop works in the way that the output
of the gain amplifier is regulated at 2 V, and the gain amplifier in turn regulates the voltage
across the current-sense resistor Rsense at 20 mV. Thus, the control loop works to keep the
current through Rsense (and hence Ic) constant. The voltage across the collector-emitter of
the IGBT (Vce) is maintained constant by a DC voltage source. Both Vce and Ic are constant
during the heating phase and the cooling phase, respectively.
The current through the IGBT (Ic) can be controlled by changing the value of Rsense. The
changes in Rsense is used to generate heating pulses for Zth measurements, and set the phase
(heating or cooling) during power cycling. During the cooling phase, R sense is set to 10 Ω
to realize Ic = 2 mA. During the heating phase, Rsense is synthesized by paralleling the 10 Ω
resistor with three small resistors of 1 mΩ, 9 mΩ, and 49 mΩ. Every small resistor is in
series combination with a MOSFET (Q1, Q2, and Q3). Due to the on-resistances of
MOSFETs and the solder, when all three MOSFETs are turned on, the effective Rsense is
measured as about 7 mΩ, which results in Ic ≈ 3 A. Thus, the switching states of the
MOSFETs (on or off) control the state of the IGBT heating or cooling. During the transition
from the heating phase to the cooling phase, i.e., Ic changing from 3 A to 2 mA, there is an
increase in the equivalent Rsense of over 1000 times. This drastic change can cause a voltage
spike at the operational amplifier input terminal connected to Rsense. In order to make the
constant-current control loop respond smoothly to the change, the current is adjusted in
three steps. The stepwise fall of current explains why three different resistors are designed
in the Rsense. The gate signals to these MOSFETs are connected in a daisy chain
configuration with an RC circuit providing the necessary delay between each current step,
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as shown in the schematic in Fig. A.1. The states of the MOSFETs are established by the
second control loop, which will be described next.
The second control loop is mainly designed for the power cycling test. Vge is used as a
parameter to sense the Tj of the IGBT and to set the temperature limits for power cycling
test. Based on the measured relationship between Vge and Tj in Fig. 5(b), the power cycling
temperature limits (Tmin and Tmax) can be converted into the corresponding Vge values.
These Vge values, Vref1 and Vref2, can be generated by the DAQ as the inputs to the window
comparator circuit and are used as the threshold voltages. Hence Vref1 and Vref2 are set
based on the Tmin and Tmax for power cycling. The window comparator and the related logic
circuit can be better understood by the sample waveforms for this sub-circuit shown in Fig.
A.2. The IC CD4043B is used as a set-reset (SR) flip-flop. The output of the SR flip-flop
remains in its last state (either high or low) until Vref2 < Vge < Vref1. If the voltage Vge
crosses the upper threshold (Vref1) (“under-temperature” condition), the output of the SR
flip-flop output turns high to begin the heating phase. On the other hand, if the voltage Vge
crosses the lower threshold (Vref2) (“over-temperature” condition), the output of the SR
flip-flop turns low to begin the cooling phase.
Since the relationship between Vge and Tj is characterized at Ic = 2 mA, Vge is an
indicator of Tj only during the cooling phase. Hence, in order to sense the junction
temperature correctly even during the heating phase, Ic is periodically lowered to 2 mA for
about 1 ms. Vge is sampled during this time interval, stored in a “sample-and-hold” circuit,
and employed by the window comparator in the temperature-cycling loop. A sampling
signal is given to the “sample-and-hold” circuit. A sampling frequency of 100 Hz is used
to make sure that Vge is sampled with a sufficient number of times during the heating phase
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(or cooling phase). As a result, the phase change takes place at the specified temperature
limits. As the IGBT goes from the high-current mode to the low-current mode, the voltage
Vge is lowered, and is sampled by the “sample-and-hold” IC SMP04. The drop of Ic causes
a drop of Vge. The small duration of undershoot of Vge may introduce errors in the recorded
Tj if Vge is sampled at the duration. In order to avoid sampling of the Vge ringing, a small
delay is given to the logic signal for the “sample-and-hold” IC, which starts sampling the
gate voltage at 300 μs after the cooling phase has started.
Fig. A.3 shows the overall circuit layout for the system, and Fig. A.4 shows the design
patterns for the print circuit board.

Fig. A.2 Waveforms for logics of window comparator.
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Fig. A.3 Circuit layout for the thermal testing system.
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(a)

(b)
Fig. A.4 Design patterns for the print circuit board: (a) front side; (b) back side.
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Appendix B
LabVIEW codes for Zth, Rth measurements and power
cycling test
Different LabVIEW codes that written for Zth, Rth measurements and power cycling test
are listed in this appendix, which includes virtual instruments (VIs) as follows.
1. K-factor measurement.VI: this code can perform data recording of Vge and
thermocouple measured temperature in pairs.
2. K-factor linear curve fitting.VI: this code can do the linear curving fitting on the
recorded data by the previous code.
3. Heating power recording.VI: this code can give a large heating pulse (e.g. 50 seconds)
to the device, during which the heating power can be measured by multimeters.
4. Vge recording for Zth measurement.VI: Vge waveform can be triggered and recorded by
this code with specified heating pulse width.
5. Delta Vge calculation.VI: this code can do the calculation of (Vge_f - Vge_i) based on the
Vge waveform recorded by the previous code.
6. Vge recording for Rth-jc measurement.VI: Vge changing curves of the device cooling
from steady state can be recorded by this code. The measured V ge curves can be used
for Rth-jc calculations.
7. Power cycling test.VI: this code can control perform power cycling test on the IGBT
packages.
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(a)

(b)
Fig. B.1 K-factor measurement.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.2 K-factor linear curve fitting.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.3 Heating power recording.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.4 Vge recording for Zth measurement.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.5 Delta Vge calculation.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.6 Vge recording for Rth-jc measurement.VI: (a) front panel; (b) block diagram.
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(a)

(b)
Fig. B.7 Power cycling test.VI: (a) front panel; (b) block diagram.
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Appendix C
Relationship between Zth and die-shear strength of
nanosilver sintered die-attachment
In this appendix, the relationship between Zth and die-shear strength is discussed:
different sintering processes of nanosilver paste were applied to make IGBT packages for
building such relationship. SEM imaging was applied to characterize the micro-structure
of the sintered Ag layer.
Based on the Zth measurement system discussed Chapter 4, experiments has been
performed to explore the relationship between Zth and die-shear strength. For nanosilver
sintering die-attachment, different processing would definitely generate different material
structures in the joints. Different structures will affect various properties of the joints, such
as Zth values and die-shear strength. However, such material structure affects thermal and
mechanical properties with different mechanisms. It is of great significance to establish a
relationship between Zth and die-shear strength for nanosilver sintering die-attach
technique, which can provide valuable information for both processing and
characterization, such as pushing the limits of processing parameters as well as simplify
the overall characterization procedures.
(a) Experimental procedure
A new type nanosilver paste (NanoTach X-series) was applied in this series of
experiments for fabricating IGBT (IRG4CH30K from International Rectifier) packages.
This type of paste is a commercial product from NBE tech, LLC. It is a thick paste
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containing different-sized (nano and micron) Ag particles, which mixed in an organic
binder formulation. The fabrication process of IGBT package has several steps:
1. Etch the DBC to the deigned pattern by ferric chloride solution;
2. Stencil print a thin layer (~ 50 µm) of nanosilver paste onto the die-attach pad of
DBC;
3. Mount the IGBT die onto the paste layer and control the wet bondline thickness of
the paste to be 40 µm;
4. Heat up the assembly (sample configuration is shown in Fig. C.1) on a programcontrolled heating stage. Different sintering processes were designed that aiming at
generating a large die-shear strength data span. These processes are shown in Fig.
C.2. Ten IGBT packages were heated from room temperature with same ramp rate
(7.5 °C/min), but sintered at five different sintering temperatures (180 °C, 200 °C,
220 °C, 240 °C and 260 °C) and two different soaking time (1 min and 10 min). The
packages were named from Package-1 to Package-10 based on their processing
conditions that show in Fig. C.2.
5. After the die-attach processes, wire-bonding process was performed on all the
packages in order to realize the electrical connections.
After all the fabrication processes, Zth measurement were performed on all IGBT
packages. The measurements were all carried out with same heating power dissipation as
15 W, but five different heating pulse width (5 ms, 10 ms, 20 ms, 40 ms and 80 ms). After
all the Zth measurements, die-shear tests were performed on all the packages by utilizing a
Dage4000 multi-purpose bond tester.
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Fig. C.1 Typical configuration of IGBT package for Zth measurement.

Fig. C.2 Different sintering processes for IGBT packages for building relation between
Zth and die-shear strength.
For each IGBT package, another assembly with the same geometry but glass dummy
die was heated at the same time. Since there is no adhesion between Ag and glass, these
glass dummy dice can be cautiously removed from the assembly after the heating. Sintered
Ag underneath the glass was characterized by SEM in order to provide microstructural
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information of the sintered Ag layers, which was assumed the same as the sintered Ag
microstructure of corresponding IGBT package.
(b) Measurement results and discussion
For Package-1 (sintered at 180 °C for 1 min), the IGBT die detached from the Ag layer
during the wire-bonding process. It indicates that there was no densification occurred
during the processing for Package-1, which was heated at 180 °C for only 1 min. Thus no
Zth measurement was able to be performed on Package-1. All other packages were wirebondable. Fig. C.3 shows the recorded die-shear strength vs. Zth at different heating pulse.
From the results, different Zth variation tendencies are shown at different die-shear strength
regions. Take Zth of 40 ms heating pulse as an example, the Zth values from Package-6 to
Package-10 have little difference: the highest Zth values among these packages (Package7) are only 1.5% higher than the lowest one (Package-10). The die-shear strength of
Package-7 is 11.5 MPa, while for Package-10 the strength is 30.6 MPa. On the left-hand
side of Fig. C.3, the die-shear strengths of package 4 and 5 are 3.8 MPa and 4.0 MPa,
respectively. Zth values of these two packages are about 15% higher than Package-6 to 10.
Package-2 and 3 have much lower die-shear strengths (< 2.0 MPa) and their Zth shows even
larger increase. These results indicate that Zth of these IGBT packages have insignificant
change when their die-shear strengths of reached above 10 MPa. In contrast, the low
strength region (< 10 MPa) possesses a much higher resolution of Zth increase when dieshear strength changes.
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Fig. C.3 Zth measured with different heating pulse widths of all the IGBT packages as a
function of die-shear strength.

SEM images of nanosilver paste sintered at different conditions were shown in Fig. C.4
Fig. C.4(a) shows the microstructure of sintered-Ag with the sintering condition of
Package-2. A large amount of separated, micron-sized Ag flakes can be observed, which
indicates that for such low temperature as 180 °C, nanoscale Ag particles were merely
agglomerated to the larger micron-sized Ag flakes. There was almost no densification of
Ag occurred during the heating. Fig. C.4(b) shows the microstructure of Ag with the
sintering condition of Package-4, which shows almost no difference to Fig. C.4(a). It
indicates that by soaking longer at 200 °C, there still had no obvious densification of
sintered Ag. Microstructures correlated well with the die-shear strength of Package-2 and
Package-4, since they both are less than 5 MPa. Fig. C.4 (c) is the microstructure of
sintered Ag with the sintering condition of Package-7 (sinter at 240 °C for 1 min), in which
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obvious necking regions can be observed. However, necking is just the initial stage of the
densification of sintering process, which corresponding to a decent but not high strength as
11.5 MPa for Package-7. It was found that Package-6 had a slightly higher die-shear
strength than Package-7. The SEM image of Package-6 showed similar microstructure as
Package-7, necking can also be observed. It is believed that the necking starts to take place
once the temperature reached 220 °C. However, the necking rate is slow at such
temperature. For Package-5 and Package-6, both of them were sintered at 220 °C. But only
Package-6 reaches 14.0 MPa die-shear strength. While for Package-7, because it is sintered
at higher temperature as 240 °C, only 1 min sintering time is enough to have enough
necking, which leads to the die-shear strength of 11.5 MPa. Fig. C.4(d) is the
microstructure of sintered Ag at 260 °C with soaking time of 10 min, as the sintering
condition of Package-10. A much denser microstructure of sintered Ag can be observed.
The densification process was well progressed for Package-10 as the original particle shape
can no longer be distinguished, which correlates well with the high die-shear strength of
30.6 MPa.

(a)
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(b)

(c)

(d)
Fig. C.4 SEM images of nanosilver paste sintered with the same process as: (a) IGBT
Package-2; (b) IGBT Package-4; (c) IGBT Package-7; (d) IGBT Package-10.
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All these SEM images show clear relationship between microstructure of sintered-Ag
and die-shear strength. At the same time, they also provide evidence to the trends that are
shown in plot of Zth vs. die-shear strength. For packages with die-shear strength lower than
10 MPa, there has almost no densification taken place. Zth values of the package represents
the heat dissipation capability of the die-attach joint. If no densification occurred, all the
Ag particles and flakes were separated from one another or only have surface contact. With
such microstructure in the die-attach layer, heat generated from the device was hard to
dissipate, so Zth of these packages turned out to be the high values. Once the necking took
place, thermal paths can be established in the die-attach layer and Zth had a significant drop
for those corresponding packages. 10 MPa die-shear strength in this series of experiments
can be regarded as the threshold value for the leveling of Zth. Further increase of sintering
temperature or prolong the soaking time can enhance the densification of the sintered-Ag,
which clearly shows in Fig. C.4; nevertheless, considering that Ag is such an effective
thermal conductor, Zth values of the packages cannot have significant change even more
heat passes were generated as the result of denser microstructure. Since the substrates used
in this series of experiments are DBC, there is an alumina layer (~ 1 mm thick) in the pass
of heat dissipation. Because the thermal conductivity of alumina (~ 0.12 W/K•cm) is much
lower than all other layers, that layer takes up the major part to the Zth once the necking
takes place in the sintered-Ag layer. This is the intrinsic reason for that very little change
of Zth when die-shear strength increases from 10 MPa to 30 MPa for these IGBT packages.
(c) Summary
The relationship between Zth values and die-shear strength of nanosilver sintered dieattachment was investigated. A series of IGBT packages were fabricated by sintering of
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nanosilver paste with different heating profiles. Zth measurements and die-shear tests were
performed on all the packages in order to establish the relationship between Zth values and
the die-shear strength. The results showed that Zth had a significant increasing rate when
the die-shear strength decreased below 10 MPa. However, Zth showed very little change
when die-shear strength increased above 10 MPa. Microstructure analysis of nanosilver
sintered with different heating profiles indicated that once necking took place, thermal
paths created in the die-attach layer. Further densification of sintered-Ag after necking has
very little advantage for the heat dissipation capability of the die-attachment.
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