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Abstract

Sintered Cu interconnection for power electronics has attracted considerable interest recently.
Cu nanoparticles are promising interconnection material due to low cost and superior
conductivity while they readily oxidize and need special processing and storing conditions. To
solve these problems, a specific in situ reduction-sintering of both CuO and Cu nanoparticles
by glycerol was developed in this thesis. The proposed method produces high sintered Cu joint
strength of over 20 MPa but without the need for pressurized sintering or protective gas
atmospheres. Meanwhile, this thesis employs a quasi-in-situ method combining scanning
electron microscopy (SEM) observation and ion beam etching to investigate the mechanism of
grain growth and twin formation in the bulk sintered Cu nanoparticle structure during sintering.
A novel strengthening mechanism of grain boundary (GB) shifting which eliminates the high
porosity bonding interface was found. The effect of sintering conditions on the grain and pore
size, porosity and strength of the sintered Cu structure and the micro-fracture mechanism of
the joint were investigated. Finally, this thesis investigates the reliability of sintered Cu joint
by in situ reduction-sintering process under high temperature aging in air. The complex
oxidation effect on the microstructure and strength of sintered Cu structure was unraveled.
Kirkendall void (K-void), a typical defect in solder alloys, is found to form along the GBs in

the bulk sintered Cu during aging and results in a degradation of joint strength.
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Chapter 1: Introduction

The present silicon (Si) technology is reaching the Si material’s theoretical limits and fails
to meet the requirements of recent developmental power electronics, such as higher breakdown
voltages, switching frequencies, efficiency, and reliability. To overcome these limitations, new
semiconductor materials for power device applications are needed. Wide-bandgap
semiconductors (WBG) such as silicon carbide (SiC) gallium nitride (GaN), and diamond are
emerging as a promising candidate to replace the silicon technology and take power electronics
performance to the next level [1]. WBG semiconductors can be used to build significantly
smaller-sized components but with comparable performance to the silicon semiconductor due
to their low power losses and high switching frequency. The wide band gap and high thermal
conductivity allow WBG devices to be operated at temperatures over 200 °C higher than silicon.
Therefore, this new technology is of particular interest for the fields ranging from aircraft,
electric vehicle, deep oil/gas extraction, and space exploration where high temperature power
electronics are required [2, 3]. Furthermore, the urgent demand for electric or hybrid electric
vehicles enhances the significance of high power electronics in these vehicles, where the
electronics needs to operate in harsh environment, with the most detrimental condition being
high temperature. However, the current lead-free solders fail to satisfy the packaging
requirement of these WBG based power devices due to their intrinsic low melting point, low
creep resistance and weak intermetallic compound (IMC) interface [4]. The next generation of
lead-free interconnection material is required to survive at high temperature over 200 °C and
possess good conductivity and bonding strength.

High temperature packaging techniques are key for the widespread use of WBG based power
electronics and other industrial components and assemblies which require a high level of
quality and reliability. High-lead (Pb) solders such as Pb—5Sn and Pb—10Sn have been the most

common high temperature solders due to their high operating temperature over 300 °C.



However, the usage of Pb has proven to be harmful to human health and environment. In order
to meet the european restriction of hazardous substances directives, Pb was restricted to be
used in in electrical and electronic and development of high temperature lead-free solders is
needed [5, 6]. Au-Sn, Au-Ge, Zn-Al and Bi based solder alloys have attracted considerable
interest recently, but there are limitations for these solders (i.e. low conductivity of Bi based
solders and high cost of Au based solders). Meanwhile, high melting temperature solders
require a higher processing temperature, which is detrimental to the polymer that being used
as die electric materials in the substrate. This high processing temperature will also result in
higher manufacturing cost and high thermal stress on the components after the soldering
process [7]. Therefore, a specific soldering method that could use the current soldering
temperature while withstand a high operating temperature needs to be established.

Transient liquid phase (TLP) bonding is an alternative process for joining of power
electronics [8, 9]. During this bonding process, the liquid phase is transiently formed at the
bonding interface between the interlayer metal and base material. Interdiffusion results in the
liquid phase being converted to intermetallics. The subsequent isothermal solidification results
in a bond that has a higher melting point than the bonding temperature [10]. This bonding
technique involves completely consumption of low-melting interlayer and formation of high-
melting IMC. TLP bonding materials can be widely classified into Sn and In based solders,
such as Ni-Sn, Cu-Sn, Au-Sn, Au-In and Ag-In. Although some of these alloys have already
been used in manufacturing, they suffer from various problems. For example, Au-Sn, Au-In
and Ag-In have cost issues, Cu-Sn has a problem of oxidation and the formation of brittle IMCs
(CueSns and CuszSn) which could reduce the joint reliability [11, 12], and Ni-Sn has poor
conductivity [13]. Meanwhile, the different diffusion rates of interdiffusing metals could lead
to Kirkendall void formation [14, 15], which is a common problem with this type of solder

joint.



Sintering of nanoparticles such as Ag or Cu is an alternative process to achieve reliable
interconnections with low processing temperature but high service temperature. Ag
nanoparticles have excellent conductivity and good oxidation resistance; a strong Ag joint with
high thermal reliability can be achieved in the ambient atmosphere [16]. However, Ag, as one
of the more expensive metals, is less attractive for wide scale use. Cu nanoparticles seem to be
more promising than Ag due to their comparable conductivity but high abundance and electro-
chemical migration resistance (EM). The main problem of Cu nanoparticles is the ease of
oxidation, which causes difficulty in the Cu joining process and degrades the merit of Cu
nanoparticles. Currently, high sintered Cu joint strength requires special processing conditions
(i.e. high temperature and pressure, protective atmosphere and nanoparticle pre-treatment), and
special storing conditions are also necessary to prevent the Cu oxidation prior to bonding. The
correlation of joint strength with sintering conditions and initial particle size or shape has been
well studied [17-19] and summarized by Chen and Siow [4]. However, these works are short
of in-depth research linking the mechanism of sintering, the sintering conditions and the
sintered structure characteristics (i.e. porosity, grain size and strength). Investigation of grain
growth during Cu nanoparticle sintering will provide insight into the strengthening mechanism
of the sintered structure. Although considerable sintered Cu joint strength has been achieved
in many studies [20-25], the reliability of Cu joint under high temperature is less widely
reported. Cu nanoparticles suffer from a severe oxidation issue under high temperature ambient
conditions, which decreases the joint reliability and can even cause failure. Understanding of
the oxidation process and the relevant effect on the microstructure and strength of sintered
structure is paramount for the design and fabrication of sintered Cu joint.

The main themes of this thesis are:

1). Developing a specific Cu nanoparticle bonding technique with ease of processing (i.e.

eliminating the use of sintering pressure or protective atmosphere).



2). Investigating the effect of sintering conditions on grain and pore size, porosity and strength
of the sintered Cu structure.

3). Exploring the mechanism of grain growth in the sintered Cu structure during sintering.

4). Investigating the sintered Cu joint reliability during high temperature aging and unravelling
the mechanism of oxidation and the relevant effect on the microstructure and strength of the

sintered Cu structure.

Power devices

Bond Wi\re\i Die attach
Solder Substrate
interface —

material Heat Sink

Figure 1. 1 Typical power module packaging architecture [26]

This thesis has nine chapters in the sequence: Chapter 1 Introduction; Chapter 2 Literature
Review; Chapter 3 Methodology; Chapter 4 In situ reduction-sintering of CuO nanoparticle;
Chapter 5 In situ reduction-sintering of Cu nanoparticle; Chapter 6 Quasi-in-situ observation
of the grain growth and grain boundary movement during sintering; Chapter 7 Unraveling the
complex oxidation effect in sintered Cu nanoparticle interconnects during high temperature

aging; and Chapter 8 Conclusions and Future Work.

Chapter 2 explains the sintering mechanism in detail, including the sintering stages, driving
forces and different diffusion paths. This chapter also introduces the theories of Cu nanoparticle

based joining. First it introduces the possible methods to improve sintered Cu joint properties



and discusses the current limitations of this technology. After that, it reviews the popular ways
to solve the oxidation issue of Cu nanoparticles. Next this chapter describes the alternatives to
sintering of Cu nanoparticles and the advantages and disadvantages of various bonding
techniques. Finally, it summaries the different bonding methods in Cu nanoparticle based

joining and their limitation and also gives the possible solutions.

Chapter 3 describes the methodology, including the paste and joint sample fabrication, grain
and pore size, oxygen content, oxidation area and joint strength measurement, and details of

characterization analysis (i.e. XRD, DSC and SEM).

Chapter 4 introduces an in situ reduction-sintering process of CuO nanoparticles and
investigates the microstructure and strength of joint by this method and discusses the merits of
this process. The morphological evolution of Cu oxide during a longer sintering duration is

presented.

Chapter 5 shows a similar in situ reduction-sintering process of Cu nanoparticles but a
different sintered Cu microstructure compared to CuO. The morphological evolution of Cu

oxide during storage in air is also presented.

Chapter 6 presents a quasi-in-situ observation of the grain growth in sintered Cu structure
(refer to chapter 5) during sintering and explain the mechanism of grain growth and twin
formation. This chapter also shows in-depth research linking the mechanism of sintering, the
sintering conditions and the sintered structure characteristics (i.e. grain and pore size, porosity

and strength). A specific strengthening mechanism of GB shifting is revealed.

Chapter 7 investigate the reliability of sintered Cu joint (refer to chapter 5) by in situ
reduction-sintering method during high temperature aging and discusses the complex oxidation

effect on the microstructure and strength of sintered Cu structure. Both oxidation enhancement



and deterioration on joint property are found. A novel mechanism of oxidation mediated

nanoscale Kirkendall void is unravelled.

Chapter 8 is the summary and conclusion of this thesis. This chapter reviews the results of
other chapters and discuss the main advances that this work makes to the field of Cu

nanoparticle based joining. Possible directions for future work are presented.



Chapter 2: Literature review

2.1 Sintering

Sintering is a traditional heat treatment in which a powder or a porous material is converted
into a useful article with required microstructure and property via mass transport. The sintering
process typically starts with fine powder which is first compacted into a porous green body,
and then heated at high temperature so that the sintering neck can form at the interface of
contacted particles and then these particles would coalesce together. This process leads to the
densification of materials that is accompanied by pore shrinkage and grain growth and results
in a dense component having elevated mechanical, thermal and electrical properties [27].
2.1.1 Sintering stages

The whole sintering process can be divided into three stages - initial, intermediate and final
stage as shown in Fig. 2. 1. The initial stage is characterized by the neck formation between
contacted particles. During the intermediate stage, the grain starts to grow and reduction of
pore volume and significant densification (up to 90% of the theoretical density) takes place.
The final stage begins when the pores pinch off and become isolated and spherical at the grain
corners. The pores shrink continuously in this stage and may disappear altogether when final

densification is achieved [28].

point initial intermediate final
stage stage stage

contact

Figure 2. 1 Schematic illustration of sintering process [29]
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Sintering can be classified as solid-state and liquid-phase sintering. In solid-state sintering,
the joining of particles and densification of the powder compact are achieved by solid-state
diffusion of atoms below the melting point of a material. Liquid-phase sintering occurs when
a liquid phase is present in the powder compact during sintering [30, 31]. In sintering of Cu
nanoparticles, organic solvent serves as the dispersing or reducing agent and needs to be
removed prior to sintering as the organic residue would hinder the coalescence of Cu
nanoparticles. Therefore, solid-state sintering dominates during Cu nanoparticle sintering.
2.1.2 Driving force of sintering

The driving force of sintering is the reduction in the total interfacial energy, which occurs
via densification and grain growth. The sintering process can be accelerated by applying an
external pressure or force. Generally, the total surface energy of a powder compact can be
expressed as y ‘A, where y is the specific surface energy and A4 is the total surface area of the
compact. The driving force related to the interface energy is [28]:

AG=Ay A+ yAA (1)
where Ay and A4 are the change in surface energy and surface area per unit area, respectively.
Two processes of densification and coarsening will occur during sintering. For the coarsening
process, a decreasing surface area will result in the reduction in energy, while for the
densification, the energy reduction is caused by the replacement of surfaces by GBs as the
energy of GBs is usually lower than the surface energy. Meanwhile, some local driving forces
also apply during sintering, such as pressure from the curvature of particle surface and vapour
pressure difference.

2.1.3 Sintering mechanism

Sintering occurs by diffusion of atoms along different paths through the microstructure,
which is driven by the reduction of chemical potential. Matter is transported from regions of

higher chemical potential to regions of lower chemical potential. The different paths that atoms



move during sintering is defined as the sintering mechanism and the six common mechanisms
are described below and shown schematically in Fig. 2. 2.

1. Surface diffusion: diffusion of atoms along the particle surface.

2. Lattice diffusion from the surface: atoms from the surface diffuse through the lattice.

3. Vapor transport: evaporation of atoms from the surface which condense on a different
surface.

4. GB diffusion: atoms diffuse along the GB.

5. Lattice diffusion from the GB: atoms from the GB diffuse through the lattice.

6. Plastic flow: dislocation motion causes flow of matter.

1 - Surface diffusion

Grain Boundary 7 2 - Lattice diffusion from the surface

3 - Vapor transport
4 - Grain boundary diffusion
5 - Lattice diffusion from the grain boundary

6 - Plastic flow

Figure 2. 2 Schematic illustration of different sintering mechanisms [29]

Those six different sintering mechanisms can also be classified as densifying and non-
densifying mechanisms. Surface diffusion, lattice diffusion from the surface and vapour
transport simply take atoms from the surface and re-arrange them onto another surface or part
of the same surface. This matter re-arrangement will not cause pore to shrink and interparticle
distance to reduce but the neck size will be increased. GB diffusion, lattice diffusion from the
GB and plastic flow result in neck growth and densification and are referred to as densifying
mechanisms. Atoms are moved from the bulk to the pore surface so that the pores can be

eliminated and thereby increasing the density of sintered compact. GB diffusion and lattice
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diffusion are important densification mechanisms in the sintering of metals and ceramics.
Plastic flow, by dislocation motion in response to the sintering stress, is not critical to ceramic
sintering due to the low dislocation density. The occurrence of plastic flow during the sintering
of metals is controversial, but most likely dislocations participate in the initial stage of sintering
[32]. The sintering neck formed between two equal-sized particles is assumed to be circular

with a radius x. The equations for neck growth and shrinkage can be given by [28]:

x\" H
a a’
AL m/2 H ) ) )
(L_> =i t (only for the densifying mechanisms) (3)
0 a

where m and n are the integer exponent that depend on the sintering mechanism, H is a function
that contains the geometrical and material parameters of the powder system. Plausible values
for the numerical constants m, n, and H for each mechanism are given in the following Table
2.1 [45]. For the non-densifying mechanisms, there is no shrinkage and AL/L,= 0.

Table 2. 1 Plausible values for the constants in equations

Sintering Mechanism m n H
56D,y820
Surface diffusion 7 4 O V0s
kT
20D,y
Lattice diffusion from the surface 4 3 k}y
3p yQ
Vapor transport 3 2 —_—
QamkT)\/2kT
96D,,;,y0
GB diffusion 6 4 708 gbV><0gh
kT
80Dy Q2
Lattice diffusion from the GB 5 3 7;—]117}
3
Plastic flow 2 1 htd
2n
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where Dy, D and D are the diffusion coefficients for GB, surface and lattice diffusion, k is
Boltzmann constant, € is volume of the diffusing vacancy, o, and 6, are the thickness for GB
and surface diffusion, y is surface tension energy, p, is the vapor pressure over a flat surface,
m is the mass of atom, 1) is the viscosity, T is the absolute temperature.
2.2 Cu nanoparticle based sintering

As the dimensions of a material decrease to the nanoscale, its melting temperature will
decrease significantly due to the much larger surface to volume ratio than bulk material. The

melting temperature of particles can be given by [33]:

ZO'SIU) @)

=T, (1 - e
where T, is the bulk melting temperature, o is the surface area, v is the atomic volume, /; is
the latent heat and 7 is the particle radius. From this equation, it is clear that the melting point
of particle decreases with the decreasing particle size. When Cu nanoparticle size reaches to
26 nm, the melting temperature is only 225 °C, much lower than the value of bulk copper
(1083 °C) [34]. Meanwhile, the sintering temperature is always below the melting point of a
material to avoid melting. Therefore, based on changes to particle properties as dimensions
shrink to the nanoscale, Cu nanoparticles can be sintered at a low temperature while the sintered
structure possesses properties similar to those of bulk copper. For this reason, nanoparticle
based sintering for high temperature joints is a topic of current interest.
2.2.1 Effect of joining conditions

Joining conditions such as sintering temperature or time, atmosphere and pressure are critical
to the properties of Cu nanoparticle joint. Nishikawa et al. [21] compared the shear strength of
joints made using Cu nanoparticle paste under vacuum and air sintering condition, and found

that the formation of Cu oxide could inhibit the coalescence of Cu nanoparticles during

sintering and lead to a much lower strength of joints bonded in air than joints bonded in vacuum.
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The formation of Cu oxide seems to be inevitable as activated nanoparticle surfaces are readily
oxidized by oxygen. Vacuum or inert gas atmosphere such as N2 and Ar [20, 21, 23] is an
effective way to prevent the oxidation of Cu and achieve high bonding strength joints.

High temperature or pressure and long duration can also greatly improve the strength of joint
due to the enhanced driving force of sintering. Yamakawa et al. [20] reported the effect of
joining temperature and applied pressure on the joint strength. Without the application of
pressure, the joint strength was less than 10 MPa, even with a relatively high temperature of
400 °C. By contrast, the joint bonded at 400 °C with a 15 MPa pressure exceeded a high shear
strength of 50 MPa. The dimple-like morphology which represents a ductile fracture and
sufficient densification was only observed in the joints bonded at 350 °C and 400 °C. The
fracture surface of sintered Cu nanoparticles in the joint below 300 °C shows a similar
morphology to the original Cu nanoparticles and an insufficient densification of Cu sintering.
Li et al. [23] and Yoon et al. [17] found a similar result regarding the effect of sintering
temperature and pressure. Meanwhile, Yoon et al. [17] also proved that the joint strength
increases with the increasing sintering times. Liu et al. [24] fabricated formic acid-treated Cu
nanoparticles and found that the dimple-like morphology fracture appears at 260 °C which is
much lower than the result from Yamakawa et al. [20]. This could be due to the removal of
original Cu oxide by formic acid and the protection of sintering atmosphere of 5% H2/95% Na.
They compared the shear strength of joints bonded from 160 to 320 °C with a constant pressure
of 10 MPa and found an increasing trend of joint strength with increasing temperature.

However, these works are short of in-depth research linking the mechanism of sintering, the
sintering conditions and the joint strength. The effect of sintering conditions on the porosity
and grain size of sintered structure also requires more research. Zuruzi et al. [35] studied the
densification of Ag nanoparticle during sintering and found both the porosity and electrical

resistance decrease with increasing sintering times. Li et al. [36] measured the porosity and
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thickness of the bonding layer between SiC die attachments made using Ag nanoparticles, and
found that there are significant linear relationships between the joint strength and both the
porosity and thickness. Chen et al. [37] introduced the Young’s modulus and the growth ratio
of particle necks besides porosity to characterise the properties of sintered Ag particle structure.
The joint strength was found to be proportional to the necking growth while to be inversely
proportional to the porosity. Cheng and Ngan [38] investigated the sintering behaviour of Cu
nanoparticles at different sintering conditions by molecular dynamics simulation. Their result
shows that higher temperature or pressure and smaller nanoparticle size can facilitate the
densification and decrease the porosity.

The effect of sintering conditions on the grain size of sintered particle structure has been
rarely studied as metallic particles coalesce together and the grain boundaries are not visible in
the latter stage of sintering. By means of the back scattered electron (BSE) mode of SEM, the
grains can be made visible due to the different contrast. Wang et al. [39] obtained the statistics
of grain size distribution of sintered Ag nanoparticles at different temperatures and showed an
obvious grain size growth with increasing temperature. However, they fail to correlate the grain
size or porosity to the strength of sintered structure.

2.2.2 Copper oxide prevention and removal
2.2.2.1 Oxide removal and prevention

Cu nanoparticles readily oxidize due to the high surface activity. Special processing and
storage conditions are necessary to prevent oxidation. Since native oxides on Cu nanoparticles
would hinder the sintering process and decrease the joint strength. Acid pre-treatment followed
by inert gas sintering is a popular way to remove the original oxide. Mou et al. [22] soaked Cu
nanoparticles in a mixture of carboxylic acid and dehydrated ethanol to achieve the surface-
modification. The surface-modified Cu nanoparticles were then sintered at 250 °C for 60 min

with a pressure of 10 MPa under the protection of Ar-Hz (5% Hz) gas mixture. Cu oxidation
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was not found after sintering and the joints showed a high bonding strength over 30 MPa. Liu
et al. [24] treated Cu nanoparticles with formic acid and found that the oxide is removed and
copper formate forms on the surface of Cu nanoparticles. The copper formate will decompose
into copper, carbon dioxide and hydrogen at the temperature range of 120-160 °C. The
following sintering process under the atmosphere of 5% H2/95% N2 prevented the formation
of Cu oxide and led to a highly conductive and strong Cu—Cu interconnection. Li et al. [40]
and Liu et al. [41] also proved that Cu nanoparticles pretreated by formic acid are free of
oxidation after sintering under inert atmosphere.

Besides carboxylic acid, some other reducing agents have also been used to remove the oxide
of Cu nanoparticles. Yuan et al. [42] fabricated a complex reducing solution including copper
formate, 2-amino-2-methyl-1-propanol and octylamine, and then mixed it with formic acid
pretreated Cu nanoparticles. The carboxyl, carbonyl and amino groups in this reducing solution
were proved to reduce Cu oxide into Cu during heating. Wang et al. [43] pre-treated Cu
nanoparticles with lactic acid and then mixed them with the reducing agent of 3-
dimethylamino-1,2-propanediol to form an anti-oxidative Cu paste. This reducing agent can
prevent Cu nanoparticles from oxidation and also form complex with cupric compounds which
would decompose into fresh Cu during sintering. Zhang et al. [44] mixed a surfactant of
cetyltrimethyl ammonium bromide with colophony which contains abietic acid to fabricate the
reducing agent. Gao et al. [45] employed ascorbic acid to reduce Cu oxide.
2.2.2.2 Reducing atmospheres

Reducing atmosphere is an alternative way to reduce Cu oxide into Cu. Formic acid is the
most common reducing atmosphere [25, 46, 47]. Liu and Nishikawa [25] investigated a
complex oxidation—reduction bonding process of Cu microparticles, which involves pre-
heating samples at 130 °C for 5 min, heating at 300 °C for 20 min in air for microparticle

oxidization, and holding at 300 °C for 40 min while introducing formic acid atmosphere into
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the oven chamber. Cu nano-oxides formed on the surface of Cu microparticles were reduced
by formic acid atmosphere into Cu nanoparticles which could significantly enhance the
sinterability of Cu microparticles. Gao et al. [47] further shortened the bonding time of this
approach from 65 min to 35 min by pre-oxidizing the Cu microparticle at 300 °C for 8 min.
Ethyl alcohol [48], hydrogen [49, 50] and methanol [51] atmosphere have also been used as
reducing atmosphere. However, these reducing gases have a relatively low reducing speed and
require high reducing temperature (over 300 °C) compared to reducing agents, while most of
them are toxic and flammable.
2.2.2.3 Laser sintering

Selective laser sintering possesses a faster processing speed with great oxidation suppression
even in ambient environment, while traditional tube furnace heating suffers from an oxidation
issue even with protective atmosphere [52]. Zenou et al [53] studied the conditions for laser
sintering of Cu nanoparticle in ambient conditions while avoiding Cu oxidation. Kwon et al.
[54] compared the selective laser air sintering with traditional tube furnace sintering in Ar
atmosphere, they found that the sintered Cu nanoparticle thin film by laser shows better
electrical property and less oxidation. Selective laser sintering has been well studied for flexible
electronics applications, while it is not suitable for the sandwich structured chip packaging.
2.2.3 Reduction sintering of Copper oxide

Cu nanoparticles are a promising interconnection material due to low cost and superior
conductivity although they readily oxidize and need special processing and storage conditions.
To help address these issues, reduction sintering of Cu oxide particle has been proposed. Cu
oxide nano/microparticles are much easier to synthesize than Cu nanoparticles and they are
free from further oxidation. The reduction sintering process includes an additional reduction

step of Cu oxide followed by sintering of the reduced Cu particle. The total bonding time of
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Cu oxide particle is normally much greater than that of Cu nanoparticle, because sufficient
reducing time is needed to completely transform Cu oxide into Cu.

Formic acid atmosphere was introduced by Liu and Nishikawa [25] to reduce Cu20
nanoparticles formed on the Cu microparticle surface during preheating. The in situ formation
of Cu nanoparticles during reduction could significantly increase the sinterability of Cu
microparticles. Formic acid atmosphere has a relatively high reducing temperature of 300 °C
and is also very harmful to human body [55]. The whole process of reduction sintering of Cu20
nanoparticles requires up to 40 min and the total processing time (including preheating) of 65
min is non-ideal. The faster the reduction sintering, the less heat needs to be supplied. Another
challenge of Cu oxide reduction sintering is to minimise the volume change of the material and
the formation of gas reaction byproduct, which would increase the porosity in the sintering
structure. Based on the above view, Cu20 seems to be more preferable than CuO due to the
lower oxygen content.

However, the reduction of CuO has been proven to be easier than the reduction of Cu20 [56,
57]. The activation energy for the reduction of CuO by hydrogen is about 14.5 kcal/mol, while
the value is 27.4 kcal/mol for Cu20. Cu20 is more promising in terms of minimising the volume
change of reaction while CuO is better for ease of reduction. Yasuda et al. [49] compared the
bondability of CuO and Cu20 as an interconnecting material and found that CuO has a much
lower reducing temperature of 345°C by hydrogen and a higher bonding strength. The
mechanism of CuO reduction by hydrogen is complex, involving an induction period and the
embedding of H into the bulk of the oxide. CuO can be reduced directly to metallic Cu without
formation of an intermediate or suboxide (Cu4O3 or Cu20) under a normal supply of hydrogen
[58]. Meanwhile, CuO is free from further oxidation and there is no need for special storage

conditions. Therefore, CuO is a promising candidate material for future interconnections.
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Ogura et al. [59] replaced the complex reducing gas system by using the reducing solvent
polyethylene glycol and found the reduction temperature 300 °C required for CuO
nanoparticles is much higher than that for Ag>O nanoparticles (150 °C) with the same reducing
agent. The joint by Ag2O/CuO mixed paste reached a high tensile strength of over 30 MPa at
300 °C for 5 min with an assisted pressure of 5 MPa. Yao et al. [60] only used CuO
microparticles to fabricate the joint with the same conditions of Ogura et al. [59]. However, the
joint strength was much lower, below 10 MPa without the addition of Ag. In conclusion, both
the current reducing gas and reducing solvent processes require a relatively reducing
temperature of over 300 °C. In the reducing gas system, organic solvent is not necessary and
can be removed completely during preheating. The reducing speed of gas is much lower than
solvent but the gas reaction byproduct will not produce bubble during reduction, which would
cause porous sintering structure. The reducing solvent can reduce Cu oxide quickly while also
producing many bubbles, and hence a considerable sintering pressure needs to be applied for
good bonding strength.

Bhogaraju et al. [61] eliminated the use of Cu or CuO nanoparticles by directly decomposing
copper formate into Cu nanoparticles; they achieved a high bonding strength interconnect at
275 °C with a 20 MPa pressure and N2 atmosphere by this method. However, Copper formate,
as a byproduct of the reaction of Cu oxide and formic acid, was also found to generate large
bubbles during the decomposition process, which could create large voids during sintering.
Huang et al. [62] proved that octylamine can greatly reduce bubble size and number due to its
lower surface tension.

2.2.4 Particle size, shape and mixture
The particle joining process is driven by the reduction in particle surface area and is

accompanied by the migration of atoms mainly along the particle surfaces. The driving force
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at the interface of two contacted spherical particles during sintering can be given by the Laplace

equation:

1 1
Ry R,

where R; is the curvature radius of particle, y is the surface energy and P, is the external
pressure of particle. Those results indicate that the sintering driving force would increase with
decreasing particle size. Cu nanoparticles with diameter below 100 nm were mainly used in
the sintered Cu interconnection [20, 22-24, 44, 63]. Zuo et al. [64] compared the shear strength
of sintered Cu joints by different particle sizes of 20 nm, 100 nm and 1 pm and found the joint
strength decreases with increasing particle size. It can be inferred that nanoscale particles
possess high surface area resulting in high driving force for sintering and good sintered joint
strength. However, the manufacture and storage cost would significantly increase when particle
size decreases to nanoscale. Meanwhile, it has been reported that the packing density can be
increased by using two different sizes of particles as smaller particles can fit into spaces left by
the packing of mono-sized particles [65, 66]. Zuo et al. [67] found that smaller nanoparticles
tend to surround the larger miroparticles during sintering which leads to an increment of
sintered density and joint strength. Therefore, the mixture of nanoparticles and microparticles
could decrease the manufacture cost but increase the joint strength.

Besides spherical Cu nanoparticles, the microscale flake shaped Cu particles have also been
studied for the sintered Cu interconnection [19, 68]. Liu and Nishikawa [19] preheated Cu
flakes and spheres in air to form the Cu nano-oxides on the surface, then the oxides were
reduced into Cu nanoparticles by formic acid atmosphere. The bonding of Cu flakes and
spheres was achieved by sintering those reduced Cu nanoparticles with high surface activity.
They found that the shear strength of joints with only Cu flakes by this oxidation—reduction
bonding process is higher than the joints with Cu spheres, and the joint strength can be further
strengthened by the mixture of Cu flakes and spheres (7.5:2.5, mass ratio) resulting in a higher
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sintered density. Schwarzer et al. [68] also reported that the joint made from Cu flakes has a
higher bonding strength than the joint by Cu spheres.
2.2.5 Particle Surface modification and composite

Cu microparticles have been proposed as a replacement of Cu nanoparticles by the virtue of
lower cost and higher oxidation resistance. However, low surface activity of Cu microparticles
makes them difficult to achieve acceptable sintering strength at low temperature. Zuo et al. [64]
reported that the shear strength of joint with 1 pm Cu microparticles was only 4.5 MPa at
sintering temperature of 250 °C and pressure of 2 MPa. Surface modification is one of effective
approaches to increase surface activity of Cu microparticles and also prevent Cu oxidation,
such as Sn coated [69, 70] or Ag coated Cu [71, 72]. Sn has a much lower melting point than
Cu and thus enables Sn coated Cu microparticles to be sintered at a lower temperature.
However, the brittle intermetallic compound (CusSns and Cus3Sn) and the voids formed
between the interface of Cu/Cu3Sn and Cu3Sn/CusSns may reduce reliability of joint. Ag
particles have a better sinterability than Cu particles and the introduction of Ag shell can
improve the strength of sintered Cu microparticle, but the effect of Ag introduction on lowering
sintering temperature is limited and considerable bonding strength requires up to 300 °C [71].

Surface treatment of Cu nanoparticles is another way to avoid Cu oxidation. Zuo et al. [73]
coated a specific phosphating film on the surface of Cu nanoparticles and found that the Cu
nanoparticles after treatment were free from oxidation at temperature below 300 °C. Some
other researchers also mixed Cu nanoparticles with Ag nanoparticles [74-76] or Sn
nanoparticles [77] to form the particle composite and achieve joint strength to be better than,
or comparable with pure sintered Ag or Cu joints.
2.3 Alternatives to sintering nanoparticles

Although considerable sintered Cu joint strength has been achieved in many studies, special

sintering conditions or processes and nanoparticle pre-treatment are necessary, which
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compromise the Cu benefits of low cost, good conductivity and high electromigration
resistance. Compared to Cu, Ag has a lower melting point and much better oxidation resistance.
Ag nanoparticles can be sintered at a low temperature and achieve good sintering strength with
low sintering pressure or even zero pressure. Although Ag>0 was also found to form in sintered
Ag nanoparticles at 250 °C, it will subsequently decompose and produce Ag nanoparticles at
the particle interface which results in the coarsening of sintered Ag particles. Meanwhile, it has
been demonstrated that the formation of Ag oxide will not decrease the strength of sintered Ag
structure [16]. Nanostructured Ag or multi Ag/Cu film was also applied as bonding material
and this process eliminates the usage of harmful organic solvent to the electronics [78, 79].
However, Ag, as one of the more expensive metals, is less attractive for wide scale use.
Transient liquid phase (TLP) bonding is an alternative process for joining of power
electronics. During this bonding process, the liquid phase is transiently formed at the bonding
interface between the interlayer metal and base material. Interdiffusion results in the liquid
phase being converted to intermetallics. The subsequent isothermal solidification leads to a
bond with a higher melting point than the bonding temperature [7, 10]. TLP bonding materials
can be widely classified into Sn and In based solders, such as Ni-Sn, Cu-Sn, Au-Sn, Au-In and
Ag-In. Although some of these alloys have already been used in manufacturing, they suffer
from different kinds of problems. For example, Au-Sn, Au-In and Ag-In have cost issue, Cu-
Sn has a problem of oxidation and the formation of brittle IMCs (CusSns and Cu3Sn) could
reduce the joint reliability, Ni-Sn has poor conductivity [ 13]. Meanwhile, the different diffusion
rate of interdiffusing metals could lead to the formation of Kirkendall voids [14, 15], which is
a common problem with solder joints. CusSns nanoparticles have also been studied for die
attachment of power electronics and the bonding mechanism is similar to the sintering of
Cu/Ag nanoparticles [80, 81], but the formation of Cu3Sn during high temperature service will

cause Kirkendall Voids.
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Direct Cu-Cu bonding (DCB) has the potential to replace the solder or nanoparticle paste
joint in 3D packaging technology. Cu-Cu bonding is formed by the interdiffusion of atoms and
grain growth between two flat wafer surfaces with Cu coating. However, the bonding process

needs to be carried out under high temperature/pressure (over 350 °C) and vacuum condition

to achieve good bonding strength [82, 83]. Surface activation can facilitate the surface diffusion
by employing an Ar ion beam to clean the wafer surface prior to bonding [84, 85]. By means
of ion beam cleaning, strong bonding can be achieved at room temperature though this process
requires ultrahigh vacuum condition and is high in cost. Pd [86] or Ti [87] passivation layer on
Cu film surface is another way to achieve Cu-Cu bonding at low temperature of under 200 °C
but the whole process including pre-bonding (passivation) and annealing is very time-
consuming. Nanotwinned Cu film with (111)-orientation seems to be more promising due to
the high surface diffusivity on the (111) plane, which enables a low temperature direct bonding
at 150 - 200 °C under an ordinary vacuum condition of 10> to 10™* torr [88, 89].
2.4 Summary

Various materials have been used for the bonding materials, such as Ag, Cu and Sn-based
alloys. Based on a comprehensive consideration of all aspects of material properties and
bonding processes as shown in Table 2. 2 and 2. 3, sintering of Cu nanoparticles seems to be
one of the optimal bonding techniques. High surface activity enables Cu nanoparticles to be
sintered at a low temperature, while special processing conditions and nanoparticle pre-
treatment are necessary to remove the original Cu oxide and suppress the formation of oxide
during sintering. Cu microparticle is another promising bonding material and a shell layer such
as Ag or Sn or in situ formed Cu nanoparticles are necessary to improve the low sinterability
of Cu microparticles. Reduction followed sintering of CuO particles has also been proposed
for joining as they are much easier to synthesize and store. However, the current reduction

processes of CuO are non-ideal. For example, the reduction temperature of either gas

21



atmosphere or solvent is very high (over 300 °C). The use of reducing atmosphere during
sintering can be dangerous due to the toxicity of some gases such as formic acid and could even
cause an explosion. Therefore, Development of specific Cu or CuO nanoparticle bonding
technique with ease of processing and investigation of the sintered Cu joint reliability during
high temperature aging and in-depth research on the relevant sintering or oxidation mechanism
occurring can enable the use of Cu or CuO nanoparticle in power electronics packaging.

Table 2. 2 Comparison of different interconnection material properties [90]

Material Ag Cu Sn CusSns  CusSn  NizSn4
Tm (°C) 962 1083 221 415 676 796
p (LQecm) 1.6 1.7 10.9 17.5 8.8 28.5

A (Wem 'K 429 401 66.8 47.7 70.4 19.6
CTE (10/°C) 18.9 16.5 22.2 16.3 19.0 13.7

Cost (USD/kg) 603.1 6.5 20.5 12.5 10.0 18.3

Table 2. 3 Comparison of different interconnection processes

Difficulty of
Joining Process Cost Conductivity Reliability
processing
Sintering of Ag NPs High High Low Low EM
Sintering of Cu NPs Medium High Medium Oxidation
TLP of Cu-Sn Low Medium Low IMC/K-void
TLP of Ni-Sn Low Low Low IMC/ K-void
DCB of surface
High High High Oxidation
activation
DCB of (111) twin Medium High Medium Oxidation
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Chapter 3: Methodology

3.1 Treatment of Cu substrate

A dummy Cu die with 4 mm diameter and 2 mm thickness was bonded using the paste on a
dummy Cu substrate with 8§ mm diameter and 3 mm thickness. Prior to bonding, the dummies
were polished with emery paper (P1200-grit), soaked briefly in diluted hydrochloric acid,
rinsed in ethanol and dried. The roughness of the polished Cu dummies is Ra = 184.2 + 13.5
nm (measured by AFM, Bruker Icon Dimension).

3.2 Fabrication of CuO paste and interconnect

CuO nanoparticles with mean diameter of 100 nm purchased from Sigma-Aldrich were used
in this study. The initial morphology is as shown in Fig. 3. 1. Ascorbic acid and ethylene glycol
were mixed as reducing agent I, glycerol and polyethylene glycol (PEG) were chosen as
reducing agent II and III. Cuo paste was composed by mixing CuO nanoparticle with reducing
agent. The mass ratio of CuO to reducing agent was 2:8 except reducing agent I (15 wt% of
CuO, 15 wt% of ascorbic acid and 70 wt% of ethylene glycol). The reduction temperatures of
CuO nanoparticle for each reducing solvent were evaluated by Differential Scanning
Calorimetry (STARe DSC822¢) at a heating rate of 20 K/min in air.

The CuO paste was firstly printed on the surface of the dummy Cu die (the height of the
paste drop is 2 mm) and then heated to the reducing temperature of the organic solvent for
several minutes as shown schematically in Fig. 3. 1. Following reduction, the smaller Cu die
with reduced Cu particles was forced face down on the top of dummy Cu substrate with
placement pressure of 3 MPa for 1 minute to ensure good contact between the paste and the Cu
discs. Next the assemblies were heated to 220 °C for 10 min, 15 min, 20 min, 40 min, 80 min
and 240 min without pressure in air in order to determine the effects of sintering time. The
whole heating process was conducted on a hot plate (Stuart SD160). This method is relevant

to Chapter 4.
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Figure 3. 1 Schematic illustration (a) of the bonding process. SEM images of CuO (b)
and Cu (c) nanoparticles. Comparison of cross section image (d) of sintered Cu under
SE and BSE mode. Representative BSE cross section image (e) of sintered Cu structure
for grain size measurement and corresponding converted binary image for porosity

measurement. BSE cross section image (f) of interface for porosity measurement

3.3 Fabrication of Cu paste and interconnect

Cu nanoparticles with mean diameter of 50 nm as shown in Fig. 1 (a) were purchased from
Sigma-Aldrich. Reducing paste (gly) was composed by mixing Cu nanoparticle and the
reducing agent/solvent, glycerol at a mass ratio of 3.5:6.5 (Cu/solvent). In contrast, a non-
reducing paste (eth) was fabricated by mixing Cu nanoparticle with ethylene glycol (6.5:3.5,
Cu/solvent). Ethylene glycol was mixed with CuO nanoparticles to evaluate its reduction
effectiveness by Differential Scanning Calorimetry (STARe DSC822¢) at a heating rate of 20

K/min in air.
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The gly paste was firstly printed on the surface of the dummy Cu die (the height of the paste
drop is 1 mm) and the following reduction and pre-bonding processes are same to the CuO
joint in Section 4.2. Next the assemblies were held at 220 °C for 5 min under zero pressure on
a hot plate (Stuart SD160) in air. Eth paste was printed into the overlap area between the Cu
dummies, then the assemblies were heated in an oven (Lenton WF 60) with the same condition
but under 3 MPa sintering pressure. This method is relevant to Chapter 5.

3.4 Fabrication of interconnect for different sintering conditions and aging test

After the reduction and pre-bonding processes (reducing paste), the assemblies were heated
to different sintering conditions as shown in Table 3. 1 under zero pressure and N2 atmosphere
in a tube furnace (Lenton LTF 12). (relevant to Chapter 6). The joints bonded at 220 °C for 20
min were chosen for the high temperature aging test. The joints were aged at 200 °C in air for
24 h, 100 h and 500 h in an oven (Lenton WF 60). (relevant to Chapter 7).

It should be noted that the different heating equipment has different heating speed to the
desired temperature from room temperature (i.e. 1 min for hot plate, 3 min for oven and 7 min
for tube furnace). The heating times mentioned in this chapter all represent the holding time at
the set temperature.

Table 3. 1 Experimental design and distribution of factors

Set Factor Sintering conditions

I ACC) 220°C/5Smin  250°C/S5min 280 °C/5min 310 °C/5 min
2 B (min) 220°C/5min 220°C/10 min 220 °C/20 min

3 B(min) 310°C/5Smin 310°C/10 min 310 °C/20 min

A - Sintering temperature, B - Sintering time.

3.5 Characterization analysis

The phase composition of Cu nanoparticles before and after reduction was measured by
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XRD (Stoe StadiP, Mo radiation). The shear strengths of joints were assessed by means of a
shear tester (Nordson Dage 4000) with the shearing speed of 50 um/s at room temperature. The
mean values of ultimate shear strengths of five specimens for each bonding condition were
calculated and reported for comparison. It should be noted that the joints in Chapter 5, 6 and 7
were fabricated by using the same Cu nanoparticles at different time periods (up to 2 years
interval). The Cu nanoparticles were stored in a sealed bottle at ambient atmosphere and
continually slow oxidation of Cu will cause a slight difference in the sintered Cu nanoparticle
structure even with the same sintering condition. Therefore, the joint strength results in Chapter
5, 6 and 7 are slightly different even under the same sintering conditions.

The joints were cross sectioned and then polished by emery paper (2000-grit). After that, the
cross sections were polished by ion beam miller (JEOL SM-09010) at 5 KV for 6-8 hours. The
morphology of Cu nanoparticles, joint fracture surfaces and cross sections were observed by
SEM equipped with energy dispersive X-ray Spectroscopy (EDS) (Hitachi S4000, Tescan-
Delmic SEM-CL and Zeiss Zeiss EVO LS15, 10 KV for back scattered electron (BSE) mode
and 30 KV for secondary electron (SE) mode). The curves of DSC, XRD and sintered Cu
characteristics (i.e. porosity, grain or pore size and strength) with sintering temperature or time
were plot by Origin and the length of error bars refers to the doubled standard deviation.

3.6 Grain size and pore size/number/shape and porosity measurement

By means of BSE mode of SEM, the grains can be made visible due to their different contrast
values [78]. Most grain cross sections are approximately elliptic while some show irregular
shapes as shown in Fig. 3. 1 (e). A parameter for grain size, d, was extracted from the data by

calculating equivalent sphere diameter as follows:

\/g
d= 2|2 (6)
T

where S is the grain area. Up to 500 grains from SEM cross section images of three polished
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samples for each condition were measured for the mean value and distribution of grain size.
The measurement was conducted by Photoshop and Imagel.

The voids in the sintered Cu nanoparticle structure are more visible in BSE mode of SEM
compared to the SE mode as shown in Fig. 3. 1 (d), and hence the BSE images were used for
porosity measurement. Twenty SEM cross section images of the sintered layer of three polished
samples for each bonding condition with an area of 8 um x 8 um were selected to measure the
porosity. The SEM images were converted into binary image before measurement and the

porosity of sintered layer was calculated according to the following formula:

b,
p=— (7
p,

where p is the sum of black pixels and p, is the sum of all the pixels. The measurement was
conducted by MATLAB®. The porosity at the bonding interface between sintered Cu
nanoparticles and Cu die/substrate was also calculated. The porosity at the interface was
calculated by taking the ratio of the diameter of voids at the interface to the interface length as
shown in Fig. 3. 1 (f). Twenty SEM cross section images of the interface (including both Cu
die and substrate) of three polished samples for each bonding condition with an area of 20 ym
x 20 pum were selected to measure the porosity at interface. The measurement was conducted
by ImageJ.

The pore size was measured using the same method as the grain size (equation (1)).
Meanwhile, the distribution of pore eccentricity was also measured to show the change of pore
shape. The closer to 0 the eccentricity value, the closer the pore to spherical shape. Up to 1000
pores from SEM cross section images of three polished samples for each condition with an area
of 8 um x 8§ pm were measured for the mean value and distribution of pore size and shape. The
measurement was conducted by MATLAB®. The mean pore number (PN) in the unit area of 1

um? was also calculated. The sum of pore number in SEM image was measured by MATLAB®
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and the image area was measured by ImageJ based on the scale bar. This section is relevant to
Chapters 6 and 7.
3.7 Observation of microstructure during heating and aging

A quasi-in-situ method was adopted in this study by intermittently observing the grain
growth in the microstructure of one joint cross section during the heating process of Table 3.1
[91]. The same joint was slightly etched by ion beam milling at 4 KV for only 2 minutes (see
more detail regarding the etching time in Appendix) for microstructure observation after every
heating step so that the GB could be clearly seen. After etching, the sample was immediately
moved and inserted into the SEM chamber within 5 minutes. It should be noted that this term
“quasi-in-situ” has been widely used in the interrupted (S)TEM or SEM observation [91-93],
where the sample needs to be treated (i.e. heat, corrosion and catalysis) out of the chamber and
the same place of sample will be observed after the treatment. (relevant to Chapter 5 and 6).

The joint cross section structure was sequentially aged at 200 °C in air for 1 h, 3 h, 10 h and
24 h to accelerate the oxidation of sintered Cu structure and study the effect of oxidation. The
same joint was slightly etched by ion beam miller at 5 KV to adequately remove the oxide
formed on the Cu surface after every aging step so that the original sintered Cu structure could
be clearly seen. A light microscope (Zeiss Axio) was used to determine if the oxide is removed
adequately as the oxide show a different color to Cu under the light microscope. The mean
oxygen content of the sintered Cu structure was calculated from the EDS mapping of twenty
SEM cross section and fracture surface images of three samples for each bonding condition.
The mean oxidation area of the joints was measured from the fracture surface images of five
samples. The oxidized structure shows a different color of black and grey to the original
structure (orange). The oxidation area was calculated by dividing the sum of black and grey
area pixels to the sum of all the pixels. The measurement was conducted by Photoshop (relevant

to Chapter 7).
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Chapter 4: In situ reduction-sintering of CuQO nanoparticle

4.1 Background

High temperature or pressure assisted sintering with protective atmosphere is necessary to
achieve acceptable sintering strength of Cu nanoparticles due to ease of oxidation, and this
could increase the process complexity and damage some temperature sensitive devices [20].
Kwon et al. [54] suppressed the oxidation of Cu nanoparticle during sintering by selective laser
sintering, which possesses a faster sintering speed than a conventional furnace, while oxidation
from environmental exposure during use is still inevitable and nanoparticle storage requires
special conditions to prevent oxidation. Zuo et al. [73] coated a specific phosphating film on
the surface of Cu nanoparticles and found that the Cu nanoparticles after treatment were free
from oxidation at temperatures below 300 °C, However the consumption of the Cu nanoparticle
during treatment was high and the dense phosphating film may hinder the coalescence between
Cu nanoparticles.

To help address these issues, reduction sintering of CuO particle has been proposed. Cu
oxide nano/microparticles are much easier to synthesize than Cu nanoparticles and they are
free from further oxidation. The reduction sintering process includes an additional reduction
step of CuO particles followed by sintering of the reduced Cu particle. The total bonding time
of CuO particle paste is normally much greater than that of Cu particle paste, because sufficient
reducing time is needed to completely transform CuO into Cu. Liu and Nishikawa [25]
investigated a complex oxidation—reduction bonding process of Cu microparticles, which
involves pre-heating samples at 130 °C for 5 min, heating at 300 °C for 20 min in air for
microparticle oxidization, and holding at 300 °C for 40 min while introducing reducing formic
acid atmosphere into the oven chamber. Gao et al. [47] further shortened the bonding time of
this approach from 65 min to 35 min by pre-oxidizing the Cu microparticle at 300 °C for 8 min,

but the total processing time is still non-ideal. Ogura et al. [59] replaced the complex reducing
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gas system by using the reducing solvent polyethylene glycol and found the reduction
temperature 300 °C required for CuO nanoparticles is much higher than that for Ag.O
nanoparticles (150 °C) with the same reducing agent. In order to bring the bonding temperature
of CuO particles down to an acceptable value for manufacturing (below 300°C), the reduction
temperature should be as low as possible. A reducing organic solvent appears to be more
promising than reducing gas due to its ease of manufacturing, but most typically used solvents
will completely decompose or evaporate before reaching the reduction temperature. Therefore,
the choice of reducing solvent for CuO reduction bonding is limited and the oxidation
mechanism of the Cu particles during sintering and its impact on sintering strength requires
more research.
4.2 Objectives

This chapter aims to develop a specific Cu nano/microparticle bonding technique with ease
of processing (i.e. eliminating the use of sintering pressure or protective atmosphere). Here, an
in situ reduction-sintering of CuO nanoparticles was proposed to fabricate strong Cu-Cu
bonding without special processing conditions. The growth behavior and morphological
evolution of oxide during sintering were detailed and the effect of oxide on the sintering
strength of Cu particles was investigated. The micro-fracture mechanism of sintered Cu
particles was also studied.
4.3 Methods

Glycerol, PEG and the mixture of ascorbic acid and ethylene glycol, were chosen as reducing
agent. CuO nanoparticles were mixed with the reducing agent to fabricate the paste. The
reduction temperature and reduced particle size were analyzed by DSC and SEM, respectively.
The paste was printed on the dummy Cu die surface and then heated to the reducing temperature
for several minutes. Following reduction, the Cu die with reduced Cu particles was forced face

down on the top of dummy Cu substrate with placement pressure of 3 MPa for 1 minute to
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ensure good contact between the paste and the Cu discs. Next the assemblies were heated to
220 °C for 10 min, 15 min, 20 min, 40 min, 80 min and 240 min without pressure in air in order
to determine the effects of sintering time.

4.4 Results and Discussion

4.4.1 Comparison of different reducing agents

Ascorbic acid, glycerol and PEG were chosen as the reducing agents. It should be noted that
ascorbic acid is powder and since an organic solvent is necessary to disperse the CuO
nanoparticles and fabricate the paste, ethylene glycol was mixed with the ascorbic acid to make
the reducing solutions. The paste mixed by ethylene glycol and CuO nanoparticles was tested
by DSC as shown in Fig. 4. 1 (a). The result shows that there is no exothermic peak in the red
curve, indicating that CuO nanoparticles cannot be reduced by ethylene glycol liquid alone.
Next, ascorbic acid was mixed with ethylene glycol and CuO nanoparticles. It can be concluded
that the exothermic peak at 135 °C in the black curve shown in Fig. 4. 1 (a) was caused by the
reduction reaction between ascorbic acid and CuO nanoparticles [45]. The mean diameter of
reduced Cu particle by ascorbic acid at 135 °C was 500 nm and the shape was spherical as
shown in Fig. 4. 2 (a). However, the EDS results show the existence of carbon indicating the
presence of organic residues after reduction, which would significantly hinder the coalescence
between Cu particles during sintering. The organic residues may decompose at higher
temperature while high sintering pressure is necessary to compress the particles for achieving
dense sintering structure.

By comparing the difference between the curves of reducing agent II, glycerol and reducing
agent III, PEG with and without CuO nanoparticles, the reducing temperature of the organic
solvent is found by the position of the additional exothermic peak in the black curve. PEG had
the highest reducing temperature of 320 °C and produced in the smallest reduced particle size

of 300 nm. There was still some organic compound covering the reduced particles as shown in
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Fig. 4. 2 (b) and the corresponding EDS results also show the existence of carbon. Meanwhile,
an unacceptably high sintering temperature of over 320 °C is necessary to decompose these
organic compounds. The reduction temperature of glycerol was 220 °C and reduction reactions
began at just 200 °C. The reduced Cu particles have a larger mean size of 1 pm and a cleaner
surface as shown in Fig. 4. 2 (¢). Carbon was not detected on the reduced Cu particles which
indicates that most of the organic compounds decomposed. The existence of oxygen (6.54 %)

also indicates that the reduced Cu particles were slightly oxidized by air after reduction.
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Figure 4. 1 Thermal analysis of (a) ethylene glycol and CuO nanoparticle with and

without ascorbic acid, PEG (b) and glycerol (¢) respectively with and without CuO

Metal nanoparticles have been reported to grow through merging primary particles and
organic ligands serve as stabilizers to prevent nanoparticle merging [94]. Love et al. [95] also
reported that the organic shell can act as a physical or electrostatic barrier against aggregation
of nanoparticle. These results suggest that organic residues on particle surfaces can depress Cu
particles growth by preventing them merging and result in a smaller particle size. Therefore, it
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can be concluded that glycerol is the optimal reducing agent for CuO nanoparticle with the
mean size of reduced particle being 1 um. The main reduction reaction of CuO by glycerol is

given in eq. (7) while the oxidation products will vary with the degree of oxidation [96]:

OH

OH
OWH o= OH\/‘\/O enrko
A ®)

1
I
1
1
<l
~ 7
2
C 1.95% speemmt C2.7% Secns 0 6.54% & Specm
0 8.45% 0 3.49% Cu 93.46%
Cu 89.6% Cu 93.81% (Atomic%)
(Atomic%) & (Atomic%)
AT cu aﬂ 1

[ 2 4 B 0 2 4 6 8 2 4 B
[Ful Scale 4598 cts Cursor: 0.000 kel Fut Scale 4597 cts Cursor: 0.000 ke [Full Scale 7422 cts Cursor: 0.000 ke

Figure 4. 2 Morphology and EDS results of reduced Cu particle by ascorbic acid at

135 °C (a), PEG at 320 °C (b) and glycerol at 220 °C (c¢)

Fig. 4. 3 shows the morphology and size distribution of the reduced Cu particles by glycerol
at 200 °C, 210 °C, 220 °C and 230 °C. The minimum required durations of the reduction step
with different temperature were also measured (the counting begins after putting the small disc
with printed paste on hot plate and ends when no reaction bubble forms). With increasing
reduction temperature, the shape of the reduced particles remained spherical while the
reduction time was greatly shortened from 6 min and 20 sec at 200 °C to 2 min and 12 sec at
230 °C. The reduced Cu particles at different temperatures shear similar mean diameter and
size distribution. However, the water reaction byproduct will boil and create bubbles in the
paste during reduction. Higher reduction temperature will cause more violent reaction and
severe paste splash which is negative to manufacturing. Meanwhile the Cu particle oxidizes

easily at higher temperature negating the benefit of reduced reduction time. Higher temperature
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may also damage some sensitive electronics components and raise cost. Therefore, the 220 °C
temperature has been determined as the most suitable reduction temperature of CuO

nanoparticles by glycerol.
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Figure 4. 3 Morphology and size distribution of reduced Cu particle by glycerol at
200 °C (a), 210 °C (b), 220 °C (c) and 230 °C (d). Required reduction times are shown in

figure

4.4.2 Effect of sintering time on the microstructure

In order to confirm the most suitable mass ratio between CuO nanoparticles and glycerol,
the phase composition of fracture surfaces of joints with differing concentrations of CuO in the
paste was analyzed by X-ray diffraction (Mo radiation) as shown in Fig. 4. 4 (a). With low
CuO content, only Cu peaks can be detected. However, when the mass ratio rises to 40%,
obvious Cu20 peaks began to appear. Since a higher concentration of CuO nanoparticles leads
to more reduced Cu particles in the paste and a denser sintering structure, the mass ratio of
3.5:6.5 is most suitable. Fig. 4. 4 (b) shows the XRD patterns (Mo radiation) of fracture
surfaces of (3.5:6.5) joints with different bonding times. When the bonding times were 10 min
and 15 min, XRD patterns show obvious peaks of metallic Cu and the intensity of the Cu2O
peak was negligible. The corresponding EDS results of the 15 min joint (see Fig. Al in

Appendix) show an increasing oxygen content of 11.59 % compared to the oxygen content
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(6.54 %) of the original reduced Cu particles, which indicates that more oxygen atoms were
adsorbed on the surface of Cu particles with increasing bonding time. As time rose to 20 min,
a Cu20 peak corresponding to the crystal plane of (111) began to appear, and the color of Cu
sintered particles also changed from their natural orange into dark red due to the formation of
Cu20 as shown in Fig. 4. 4 (¢). As time further rose to 40 min, another two Cu20 peaks related
to crystal planes of (200) and (220) were detected, while the strength of peaks was weak. The
oxygen content also increased to 25.99 % (see Fig. A2 Appendix) and the color of Cu sintered
particles further changed to dark grey. The strength of these three Cu20 peaks became stronger
with further increasing time. However, even with 240 min bonding time, no obvious CuO peak
was found. These results indicate that Cu20 is the only oxidation product of Cu particles within
240 min of sintering at 220 °C. Yang et al. [97] reported similar results that only the Cu20
formed on the surface of Cu powder at 200 °C and formation of CuO occurred at 300 °C.
From the point of view of manufacturing, Cu-Cu bonding should be performed at a
reasonably low temperature and pressure with a time that is as short as possible. The joints for
shear test were fabricated with bonding times between 10 min and 80 min. The shear strengths
of joints using 3.5:6.5 paste are plotted in Fig. 4. 4 (d) as a function of bonding time (error bars
calculated by mean value + one standard deviation of shear strengths). From this plot it is
apparent that the shear strength of the joint increased firstly with increasing time and reached
a peak of 22 MPa at 15 min. Then it decreased as bonding time rose to 20 min where obvious
Cu20 structure began to appear according to the XRD results. These results indicate that there
is no significantly negative effect of surface oxygen chemisorption on the sintering strength of
Cu particles and the formation of Cu oxide structure is responsible for the degradation of joint
shear strength. Zuo et al. [64] employed Cu microparticles with a size of 1 um and non-reducing
organic solvent to fabricate Cu-Cu joints, with the higher temperature of 250 °C and sintering

pressure of 2 MPa. Under these conditions the reported joint strength is nearly five times lower
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than the best shear strengths of the current (3.5:6.5) joints as shown in Fig. 4. 4 (d).
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Figure 4. 4 XRD patterns (a) of fracture surfaces of joints with different mass ratios of

CuO nanoparticle to glycerol, XRD patterns (b) and images (c) of fracture surfaces and
shear strengths (d) of (3.5:6.5) joints for different bonding time. (Shear tests were

performed in five replicates)

Compared with traditional Cu nanoparticle sintering, the specific reduction-sintering omits
the heating step from room temperature where Cu oxidation usually appears. Meanwhile, the
reduced Cu submicron particles have higher oxidation resistance than Cu nanoparticles can be
quickly and directly sintered at the reduction temperature. These properties lead to the high
shear strength of joint formed by this method. During the reduction and pre-bonding process,
the oxide is reduced to Cu particle which would immediately coalesce with other Cu particles
at the high processing temperature of 220 °C. The sintered reduced Cu would be oxidized at

the ambient condition and the remaining organics are able to reduce the oxidized Cu again.
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Therefore, the reduction and sintering of Cu occur simultaneously and this process is termed
in situ reduction-sintering process.

Fig. 4. 5 shows SEM images of fracture surface of the (3.5:6.5) joint for different bonding
times. The morphology of the fracture surface shows little change with increasing time while
the surface of the Cu particle changed from smooth to rough due to the formed oxidation film.
Meanwhile, Cu particles have deformed little and significant coalescence between particles
was not found. It is also clear that the fracture is mainly located at the interface between Cu

particles.

Figure 4. 5 SEM fracture surface images of joints for 15 min (a), 20 min (b), 40 min (c¢)

and 80 min (d)

To investigate the effect of oxidation on the sintered structure, the 15 min joints with best
strength and no obvious oxide were compared with the 40 min joints with clear oxide structure.
SEM cross section images of representative joints after cutting and polishing are shown in Fig.

4. 5. Both cross sections of 15 min and 40 min show a dense and porous structure and
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significant sintering coalescence between particles was found as shown in Fig. 4. 6 (b) and (d).
The interfaces between Cu particles and disc also show good bonding as shown in Fig. 4. 6 (¢)
and (f) and the Cu particles have deformed due to interdiffusion with the substrate. However,
by comparing the images of cross section of 15 min and 40 min, it is clear that an oxidation
film has formed on surface of particles at 40 min as shown in Fig. 4. 6 (d) and (e), depressing
further diffusion of Cu atoms and causing poor sintering strength, which is in good in
agreement with shear test results.
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Figure 4. 6 SEM cross section images of joints bonded for 15 min (a, b, ¢) and 40 min (d,

e, f, g, h), as well as corresponding EDS results (i)

In order to prove the existence of the oxidation film, the sintered Cu particles with uneven
surface in the 40 min joints cross section was polished and the oxide in only outer Cu particle

was removed while the oxide in inner Cu particle remained as shown in Fig. 4. 6 (g). The
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relevant EDS results show that the oxygen content of the polished particle is much lower than
that of unpolished one. Meanwhile, the oxygen content of cross sections of 15 min joint and
40 min joint (8.01% and 19.17%, respectively, see Fig. A3-4 Appendix) were both lower than
the values (11.59% and 25.99%, respectively) of the corresponding fracture surfaces, which
indicates that fracture tends to appear in sintering areas with high oxidation.
4.4.3 Growth behavior of cuprous oxide

The primary oxide formed on the surface of Cu micro/nano particle during low temperature
sintering has been reported to be cuprous oxide (Cu20) and its formation plays a critical role
in determining the shear strength of Cu-Cu joint [25, 73]. However, growth behavior and
morphological evolution of Cu20 during sintering still remain unclear and require further study.
Cu20 with cubic crystalline structure has been reported to grow epitaxially on the Cu surface.
The sequence of oxidation reactions on a clean metal surface is generally accepted to be oxygen
chemisorption, nucleation and growth of surface oxide, and bulk oxide growth. Before the
onset of oxidation, a restructured Cu surface due to oxygen saturation has been proven to be
important for formation of Cu20. Lee et al. [98] reported that the subsurface oxide-like
structure was more easily produced on a Cu surface with pre-adsorbed oxygen atoms. The
mechanism of nucleation and initial growth of oxide islands on a clean Cu surface has been
proposed in terms of ‘capture zone’ theory [99], which claims that oxygen atoms diffuse on Cu
surface and become incorporated into an oxide island when entering the surrounding capture
zone. After oxide islands reach the saturation point of nucleation, they start to grow and
coalesce to generate a thin layer of Cu20. Oxygen diffusion dominates initial growth of the
oxide, and direct impingement of oxygen atoms onto islands is also likely to occur when island
size becomes larger [100]. The formed Cu20 layer prevents exposure of Cu to oxygen. Further
oxidation of Cu occurs on both internal and external surfaces of the oxide layer and is a result

of Cu atoms from the underlying Cu metal core diffusing outward through the oxide layer and
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oxygen atoms diffusing into the Cu core. Meanwhile, Hung et al. [101] reported that oxygen
atoms are absorbed into oxide layer surface and electrons penetrate into the layer by tunneling
to establish equilibrium between Cu ions and oxygen ions, this process produces an electric

field which provides an additional driving force for Cu ions move outward.
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Figure 4. 7 SEM images of interfaces between Cu particles and between Cu particle and
disc for 15 min (a, €), 20 min (b, f), 40 min (c, g) and 80 min (d, h). Comparison of oxide

thickness between 20 min (i), 40 min (j), 80 min (k) and 240 min (I)

The surfaces of Cu particles for 15 min were very clean and show no obvious oxide structure
as shown in Fig. 4. 7 (a) and (e), which matches the corresponding XRD results very well
(presented in Section 5.3.2). The existence of oxygen detected by EDS can be attributed to
oxygen chemisorption and nucleation of oxide islands, which are inevitable for air sintering at
220 °C. When bonding time is 20 min, oxide islands reached the saturation point of nucleation
and started to grow and show an irregularly striped structure as shown in Fig. 4. 7 (b). They

later coalesced together and produced a thin Cu20 laminar layer termed Cuz0 layer I as shown
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in Fig. 4. 7 (¢) and (j). Additionally new oxide islands formed and grew on the surface of some
existing Cu20 layers I to produce a multilayer structure. As time further rose to 40 min, oxide
islands with a second morphology of CuxO grain began to appear and showed a spherical
structure with a mean diameter of 100 nm. Their nucleation was more likely to occur at the
edge area of Cu20 layer I as shown in Fig. 4. 7 (¢), which acted as defect site rather than the
surface. It has also been reported that defect locations such as grain boundaries [102] and edge
of a pit [103] are preferential nucleating sites for oxide island formation. Cu20O grains later
grew and coalesced together, which led to thickening of the oxide layer, replacement of Cu20O
layer I by many crossed and overlapping Cuz20 grains and formation of a new multiple Cu20
layer termed Cu20 layer II as shown in Fig. 4. 7 (d), (h), (k) and (I). The interface structure
between Cu particle and disc shows a similar oxidation trend with time as shown in Fig. 4. 7
(e-h) and the Cu disc surface was also oxidized after sintering. The thickness of oxide film
increased from 100 nm at 20 min (bonding time) to 450 nm at 240 min as shown in Fig. 4. 7
(i-1), which indicates that more Cu will be oxidized into Cu20 with increasing time.
4.4.4 Variation in shear strength and fracture mechanism of joint

The bonding strength of Cu-Cu joints produced by sintering Cu is strongly related to contact
area between sintering layer and substrate, and also the density of the sintered structure which
is directly proportional to contact area between particles [67]. Made et al. [104] also proved
that contact area was directly proportional to shear strength of the Cu—Cu thermal compression
bond based on simulated and experimental results. After the pressure-assisted placement step,
the joint was held at 220 °C with no pressure. Further increase of contact areas and joint
strength results from relatively slow thermal diffusion.

However, the shear strength of joints stops increasing with bonding time and eventually
decreases when the oxide forms as discussed Section 5.3.2. In order to investigate the reason,

the micro-fracture mode of sintered Cu particles bonded for 80 min was observed by SEM as

41



shown in Fig. 4. 8. The submillimeter scale fracture surface of the joint (presented in Section
5.3.2) indicates that the Cu particles have deformed little after shearing and the fracture is
mainly located at the interface between sintered Cu particles. However, the submicron scale
fracture shows the evidence of plastic deformation of some Cu particles and fracture occurred
inside Cu particles. These results indicate that there are three different fracture modes of the
joint: 1) Brittle fracture at the interface between Cu particle and disc as shown in Fig. 4. 8 (a).
2) Brittle fracture at the interface between Cu particles as shown in Fig. 4. 8 (¢). 3) Ductile
fracture inside Cu particles with different deformation degrees as shown in Fig. 4. 8 (b) and
(d). However, the Cu20 film shows little plastic deformation in either case which indicates it
is a brittle structure with poor strength, and there was poor bonding between Cu core and Cu20
film. Yuan et al. [105] has also reported that there was an obvious crack between the Cu20
layer and Cu disc surface. It can be inferred that Cu20 film was not able to provide effective
strength for the whole bonding structure. In summary, formation of brittle Cu20 structure with
bad bonding to Cu core and disc and decrease of Cu-Cu contact area result in decreasing shear

strength.

Figure 4. 8 SEM images of fractures between Cu particle and disc (a, b), and between

Cu particles (¢, d), and corresponding schematic illustration of fracture mode
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4.5 Conclusions

In summary, in situ reduction-sintering of CuO nanoparticles by glycerol was proposed to
fabricate strong Cu-Cu bonding for power electronics and the formation of oxide was depressed
by the rapid sintering speed. The proposed method produces similar shear strengths to Cu
nanoparticle sintered joints but without the need for pressurized sintering or protective gas
atmospheres. The best shear strength of 22 MPa for the joint was achieved by 15 min
pressureless bonding at 220 °C in air which resulted in no Cu oxide structure. The only oxide
that formed during bonding was Cu20, which shows morphological evolution from a laminar
layer structure formed by growth and coalescence of Cu20 nano-stripes to a multiple layer
structure formed by crossed and overlapping Cu20 nano-grains. Brittle fracture at the interface
between Cu particles and between Cu particles and disc dominated while ductile fracture inside
Cu particles was also found. The Cu20 layer was a brittle structure with poor bonding to Cu

core and disc, and its formation led to decreasing Cu-Cu contact area and joint shear strength.
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Chapter 5: In situ reduction-sintering of Cu nanoparticle

5.1 Background

Cu nanoparticles readily oxidize and this significantly depresses their conductivity and
sintering ability. Use of an inert atmosphere is the most popular way to prevent Cu
nanoparticles from oxidation during sintering [106, 107]. Selective laser sintering with a faster
sintering speed than a conventional furnace is another approach to depress Cu nanoparticle
oxidation [52, 54]. However, the native oxides on the Cu nanoparticle surface will reduce the
reliability of the bonded joint. Reducing gas-assisted sintering (such as formic acid [25, 108],
hydrogen [109] and ethanol vapor [110]) or surface acid-pretreating followed by inert gas
sintering [22, 24] can achieve high bonding strength joint without Cu oxide, but toxicity or
complexity of the gas system may hinder its application in manufacturing.

Surface modification has been proposed to increase the oxidation resistance of Cu
nanoparticles. Zuo et al. [73] pushed the oxidation onset temperature of Cu nanoparticles up to
300 °C by phosphating treatment but found that the dense phosphating film may hinder the
coalescence of Cu nanoparticles during sintering. A metal core-shell structure has also been
proposed to improve the oxidation resistance and sintering ability of Cu micro/nanoparticles,
such as Ag [111], Sn [69], and Ni [112] covered. However, the cost of this method is much
higher than pure Cu and complex synthesizing process or brittleness of intermetallic compound
is also potential problem. Therefore, the problems of sintering Cu nanoparticles arising from
oxidation have not been completely solved and require more research.

5.2 Objectives

Although strong Cu-Cu bonding of 22 MPa was achieved by in situ reduction-sintering of
CuO nanoparticles in chapter 5, the sintered structure of reduced micron-sized Cu particles
shows an insufficient sintering of Cu and little deformation after fracture. This chapter aims to

achieve a stronger bonded joint by in situ reduction-sintering of Cu nanoparticles with higher
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surface activity. The effect of oxidation on morphology and sinterability of Cu nanoparticles
was also investigated.
5.3 Methods

Cu nanoparticles were mixed with glycerol and ethylene glycol to fabricate the reducing
paste (gly) and non-reducing paste (eth), respectively. The gly paste was printed on the dummy
Cu die surface and then heated for reduction. Following reduction, the dummy Cu die and
substrate were bonded with placement pressure of 3 MPa for 1 minute. Next the assemblies
were heated to 220 °C for 5 min without pressure in air. Eth paste was printed into the overlap
areca between the Cu dummies, then the assemblies were heated with the same condition but
under 3 MPa sintering pressure. The properties of joint by the reduction-sintering process and
traditional sintering process were compared.
5.4 Results and discussion
5.4.1 Growth of Cu oxide during storage in air

The Cu nanoparticles were exposed to air atmosphere for a varying number of weeks (wk)
to investigate their oxidation resistance and the nature and extent of oxides formed during
exposure. The initial Cu nanoparticles were sealed in a glass bottle without vacuum or inert gas
condition, the XRD pattern of the initial Cu nanoparticles (Owk) shows obvious Cu20 peaks as
shown in Fig. 5. 1 (a), which indicates that the Cu nanoparticles were already oxidized to a
certain degree. The surface of Cu nanoparticles was also covered by many Cu2O nanoparticles
with a size of about Snm as shown in Fig. 5. 1 (b). In contrast, the Cu nanoparticles treated by
diluted hydrochloric acid show very clean surface. After 1 week air exposure the peaks of Cu20
almost disappear and clear CuO peaks begin to occur. The shape of the oxide is still spherical
and the oxidation film becomes thicker as shown in Fig. 5. 1 (¢). At 2 weeks, the peaks of CuO
become stronger and the shape of the oxide grains changes from spherical to rod shaped as

shown in Fig. 5. 1 (d). Yang et al. [97] also reported a similar morphological change of oxide
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on Cu powder surfaces.

The XRD pattern of Cu nanoparticles exposed for 4 weeks shows similar CuO peak intensity
to that of 2 weeks, which indicates that there is no apparent increase in the oxidation degree of
Cu nanoparticles over this period. This is because the formed oxide layer prevents exposure of
Cu surface to oxygen and further oxidation of Cu results from slow diffusion of Cu and oxygen
atoms through the oxide layer [100]. As exposure time further rises to 6 weeks, the intensity of
CuO peak increases significantly and the oxide nanorods become longer as shown in Fig. S. 1

(e). The CuO peak intensity does not increase significantly as exposure time rises to 9 weeks.
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Figure 5. 1 XRD patterns (a) of Cu nanoparticles before and after exposure for different
weeks. TEM image of Cu nanoparticles exposed for: (b) Owk, (c¢) 1wk, (d) 2wk, (e) 6wk.

(Inset image is Cu nanoparticles treated by acid)

5.4.2 Characterization of reduction- sintering structure of Cu nanoparticles

Fig. 5. 2 (a) shows the DSC curves of glycerol mixed with and without CuO nanoparticles,
and the curve of ethylene glycol with CuO nanoparticles in air. There is no exothermic peak in
the curve of ethylene glycol mixed with CuO nanoparticle and in the curve of glycerol but only
an endothermic peak related to the evaporation of solvent. It can be inferred that CuO
nanoparticles cannot be reduced by ethylene glycol. In contrast, the exothermic peak at 220 °C

in the curve containing CuO nanoparticles in addition to glycerol was caused by the reduction
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reaction between glycerol and CuO nanoparticles. The reduction reaction of CuO and Cuz0 by
glycerol is presented as follows and the oxidation product of the glycerol molecule may vary

according to the degree of oxidation [96]:

C3Hgo3 + CuO — C3H603 +Cu+ Hzo (9)
C3HSO3 + CU2O — C3H603 +2Cu+ Hzo (10)
(a) = (b)
220 °C Glycerol with CuO o Cué(s :
o} m :
Glycerol . 2 .
= 2.5:7.5 ® . A . A
§ 50 - s ﬂ
<
é 100 :>: 3.7 A
8 Ethylene glycol with CuO §
2 oL = 3.5:6.5 A A
100 |- 4:6 J ﬂ A
10 15 20 2 3 35
200 100 200 30 200 500 20 (degree)

Temp. (°C)
Figure S. 2 Thermal analysis (a) of glycerol and ethylene glycol with/without CuO
nanoparticle. XRD patterns (b) of fracture surfaces of joints with different mass ratios

of Cu nanoparticle to glycerol

Cu nanoparticles exposed for Owk, 1wk, 2wk and 6wk presented were chosen to investigate
the effect of oxidation on the reduction-sintering structure of Cu nanoparticles by glycerol.
Prior to that, the Cu nanoparticles with most oxide (6wk) were chosen to investigate the suitable
mass ratio between Cu nanoparticles and glycerol, as well as the phase composition of
reduction-sintering structure. The XRD results of fracture surfaces of joints with differing
concentrations of 6wk Cu nanoparticles in the paste is shown in Fig. 5. 2 (b). With low Cu
nanoparticles content, only Cu peaks can be detected, which indicates that the oxide on Cu
nanoparticle surfaces can be completely reduced to Cu by glycerol. It is also clear that the oxide
of Cu nanoparticles for Owk, 1wk and 2wk can be completely reduced as they contain less

oxide content. However, when the mass ratio rises to 40%, obvious Cu20 peaks began to appear.
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Since a higher concentration of Cu nanoparticles leads to more reduced Cu nanoparticles in the

paste and a denser sintering structure, the mass ratio of 3.5:6.5 is optimal.

Figure 5. 3 SEM fracture surface of joints by glycerol and Cu nanoparticles exposed for

(a, d) OWK, (b, €) 1wk, (¢) 2wk, (f) 6wk

Fig. 5. 3 shows SEM images of fracture surfaces of joints by glycerol and Cu nanoparticles
exposed for different weeks. The oxidation film on the surface of Cu nanoparticles of Ow and
1w was reduced by glycerol after reduction and the initial Cu nanoparticles cores exposed and
then coalesced together during sintering. The reduced Cu nanoparticles also sintered with the
initial Cu nanoparticles cores and make them difficult to be distinguished. However, the size
of the reduced Cu nanoparticles is believed to be similar to or lower than that of the initial Cu
nanoparticles as there is no larger Cu nanoparticle found in the sintering structure as shown in
Fig. 5. 3 (a) and (b). The deformation with dimple-like morphology shown in Fig. 5. 3 (d) and
(e) also indicates that the sintering structure of Cu nanoparticles has good strength. In the case
of Cu nanoparticles exposed for 2wk and 6wk, the oxidation film was much thicker and more
CuO was reduced, allowing the reduced Cu grains to grow to a larger size of about 400 nm as
shown in Fig. 5. 3 (¢) and (f). Some initial Cu nanoparticles cores after reduction were also

found in the sintering structure while obvious deformation of sintered Cu was not found.
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Since Cu nanoparticles of 2wk and 6wk share a similar reduced sintering structure, Cu
nanoparticles of Owk, 1wk and 2wk were chosen to mix with glycerol and ethylene glycol
respectively to fabricate the reducing paste (gly) and non-reducing paste (eth). The shear
strengths of joints fabricated with each paste are plotted in Fig. 5. 4 (a). From this plot, it is
clear that the joints by gly had a much higher shear strength than the joints by eth and that the
joint shear strength decreased with increasing exposure time for both pastes. The Cu
nanoparticles with ethylene glycol failed to bond the joint while the joint by glycerol had good
strength of about 25 MPa. In the case of glycerol, the increasing size of reduced Cu
nanoparticles for longer exposure times decreased the driving force of sintering, which lead to
a less dense sintering structure and decreased joint shear strength [29, 113]. Zuo et al. [67] also
reported similar result that the joint bonded by 20 nm Cu nanoparticles had a higher shear

strength than the joint of 100 nm nanoparticles due to the more densely sintered structure.
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Figure 5. 4 Shear strengths (a) of joints by gly and eth and XRD patterns (b) of joints

facture surface. (Shear tests were performed in five replicates)

The phase composition of fracture surfaces of successfully bonded joints by Owk and 1wk
Cu nanoparticles were analyzed by X-ray diffraction as shown in Fig. 5. 4 (b). The XRD pattern
of the gly joint shows no obvious oxide peak, which indicates that the native oxide of Cu

nanoparticles was reduced to Cu by glycerol. The oxide didn’t re-appear after sintering due to
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the merit of in situ reduction-sintering, whereby the Cu nanoparticles can be immediately
sintered after reduction at the same temperature. The rapid sintering significantly depresses
oxide formation. In contrast, oxide peaks found in sintered Cu nanoparticles with ethylene
glycol become much stronger compared with the original Cu nanoparticles. The oxidation film
on the Cu nanoparticle surface depress the diffusion of Cu atoms and cause porous sintering
structure. The cross section of joints by gly show a highly dense sintering structure, while joints

by eth show a porous structure with poor coalescence as shown in Fig. 5. 5 (g).

Cu Disc

(a) :Owl.(-gly

Figure 5. 5 SEM cross section images of joints by glycerol (a, b) and ethylene glycol (c,

d) mixed with Owk exposure Cu nanoparticles, respectively

5.4.3 Consolidation behavior of Cu nanoparticles during sintering

The Cu nanoparticles of Owk and 2wk were ultrasonically dispersed in ethanol and then
printed on Transmission Electron Microscope (TEM) grid. Next the coalescence of Cu
nanoparticles was intermittently observed by TEM during the heating process (quasi-in-situ

observation). It should be noted that the TEM grid was heated on a hot plate in air rather than
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tube furnace to achieve fast heating speed. The air-sintering evolution of Cu nanoparticles at
220 °C is shown in Fig. 5. 6. From this plot, it is clear that the 2wk Cu nanoparticles show little
deformation after heating, which indicates they cannot be sintered due to the rod shaped oxide.
In contrast, significant coalescence between Owk Cu nanoparticles was found after heating for
only 5 min. The “closed loop” pores almost disappeared while there were still tiny pores even
after 20 min heating. Meanwhile, the dislocations were found in sintered nanoparticle after 10
min heating while they later disappeared due to relocation of mislocated Cu atoms [80] and
other new dislocations formed as shown in the inset image of Fig. 5. 6 (g) and (h). These results
indicate that Cu nanoparticles can be quickly sintered with high sintering density at 220 °C.
Prolonging the heating time leads to the formation of dislocations in sintered Cu but no further
densification, and it will also result in more Cu oxidation. Cheng et al. [38] found similar results
that the shrinkage of Cu nanoparticles rises at first and remains stable with increasing time
during sintering for low temperature (T < 900K) and further densification of sintering structure

can be facilitated by higher temperature..

(a) Ow Omin (b) Smin (c 20min
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Figure 5. 6 TEM images of consolidation behavior of Cu nanoparticles of 0wk (a-h) and
2wk (i-k) during air-sintering
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5.5 Conclusions

In summary, rapid and pressureless in situ reduction-sintering reduced the oxide on Cu
nanoparticle surface and depressed its re-appearing and fabricated high bonding strength joint
of over 30 MPa at 220 °C in air. The Cu nanoparticles were sufficiently sintered and show
dimple-like deformation after fracture. The Cu nanoparticles with the rod shaped oxide cannot
be sintered by traditional pressure-assisted sintering while the oxidized nanoparticles treated
by in situ reduction-sintering had good sintering strength. This bonding process omits special
sintering and storing conditions of Cu nanoparticles and presents a promising bonding

technology for power electronics.
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Chapter 6: Quasi-in-situ observation of the grain growth and grain

boundary movement during sintering

6.1 Background

Sintered Cu interconnection for power electronics has attracted considerable interest recently.
Investigation of grain growth during Cu nanoparticle sintering provides insight into the
strengthening mechanism of the sintered structure. Currently, the literature on Cu nanoparticle
sintering mechanism is limited and mainly focuses on the transmission electron microscopy
(TEM) observation of a limited number of nanoparticles with an ultrathin region. It was found
that particles undergo an alignment process through rigid body rotation to match their
orientation prior to or during attachment, this alignment process is kinetically driven by the
reduction of interfacial energy [114-117]. In some cases, perfectly aligned and coherent
particles would occur. Aabdin et al. [116] found that there is a critical misalignment angle
(~15°) for gold nanoparticle coalescence. Beyond this critical angle, the nanoparticles fail to
correct misalignment during oriented attachment and this results in the bonding interface
consisted of GB defects. Lange et al. [117] reported a found a defect mediated co-alignment
process by Molecular Dynamics simulation. The dislocations were found to form at the
interface of coalesced gold nanoparticles after imperfect oriented attachment and they later
dissociate and glide through the adjacent particles, which removes the associated strain at the
interface and leads to additional co-alignment. However, these studies are mainly focused on
the early stage sintering behavior of a limited number of nanoparticles within a very thin region
below 200 nm thickness (or even 10 nm for high resolution) due to the limitation of TEM
observation. The sintering mechanism involving numerous particles could be more complex
and requires more research. Meanwhile, the coalescence process of Cu nanoparticles and

substrate is rarely reported.
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6.2 Objectives

This chapter aims to investigate the mechanism of grain growth and twin formation in the
bulk sintered Cu nanoparticles (refer to chapter 6) by using a quasi-in-situ method combining
SEM observation and ion beam etching. The effect of sintering conditions on grain and pore
size, porosity and strength of the sintered structure and the micro-fracture mechanism of the
joint were investigated. A model of the sintering diffusion mechanism is proposed. The
mechanism of GB movement across sintered Cu grains and Cu substrate grains and the relevant
strengthening mechanism on joint strength were also studied.
6.3 Methods

Cu nanoparticles and glycerol were mixed to fabricate the reducing paste. After the reduction
and pre-bonding process in Chapter 5, the assemblies were heated to different sintering
conditions as shown in Table 4. 1 without pressure in N2. The BSE cross section images of
joint were used to measure the grain size and pore size/number/shape of sintered Cu structure.
The joint cross section was intermittently observed by combining SEM and ion beam miller
during the heating process (quasi-in-situ observation) to study the mechanism of grain growth
and twin formation. The same joint was slightly etched by ion beam milling after every heating
step so that the GB could be clearly seen.
6.4 Results and discussion
6.4.1 Effect of sintering temperature on microstructure

Fig. 6. 1 (a) shows the XRD results (Mo radiation) of Cu nanoparticles before and after
reduction. The Cuz0 peaks of the initial Cu nanoparticles disappear and only Cu peaks remain
after reduction, which indicates that Cu oxides were completely reduced to Cu by glycerol. The
oxygen content of sintered Cu structure was also measured by the EDS and the relevant results
show that the contents of organic residue and oxide are limited (see Fig. A5-6 in Appendix).

The sintering process was then carried out under N2 atmosphere to avoid Cu oxidation. The
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joints were bonded at different temperatures for 5 min to investigate the effect of temperature
on grain and pore size, porosity and strength of the sintered Cu nanoparticle structure. With
increasing temperature, the grain size increases from 150 nm of 220 °C to 279 nm of 310 °C
as shown in Fig. 6. 1. Wang et al. [39] found a similar result on the variation of sintered
nanoparticle grain size distribution with increasing temperature. Both the porosity of the
sintered structure and the bonding interface decrease significantly at first and then the rate of
decrease levels off after the temperature increases to 280 °C. Kozawa and Yanagisawa [118]
reported a similar result on trends of both grain size and porosity with temperature. The pore
size changes little with the sintering temperature as shown in Fig. 6. 1 (c). However, the pore
number in an area of 1 um? decreases significantly from 9.08 at 220 °C to 4.52 at 310 °C, which
is responsible for the deceasing porosity. Meanwhile, the pore shape shows an obvious trend
of being isolated and spherical as shown in Fig. 6. 1 (d-g), which is a sign of the final sintering
stage. The pore shape distribution in Figure A7 of Appendix also shows that the number of
irregular pores decreases significantly. The increment of grain size and density can be attributed
to the higher sintering driving force arising from increasing temperature. The shear strength of
joints increases with increasing temperature as shown in Fig. 6. 1 (¢) which is in good
agreement with the porosity result. Decreasing porosity leads to more contact area between Cu
nanoparticles and Cu die/substrate and higher sintering strength. Fig. 6. 1 (d-g) show SEM
images of fracture surface of joints for different temperatures. The fracture surfaces of joints
for all bonding temperatures show deformation with dimple-like morphology which represents
a ductile fracture of sintered Cu structure and this indicates that strong bonding was achieved
[20]. The deformation degree (elongation) of sintered Cu increases with increasing the sintering
temperature and results in higher joint bond strength. The relevant force-displacement curves
(see Fig. A11 Appendix) also show an increasing elongation as the moving distance of shear

tool increases obviously with the sintering temperature.
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Figure 6. 1 XRD patterns (a) of Cu nanoparticles before and after reduction. Variation

in porosity of bulk sintered Cu structure and interface (b), pore size/number and grain
size of the bulk sintered structure and shear strength of joints (c) due to different
temperatures (each for 5 min). Corresponding SEM cross section (d-g) and fracture
surface images (h-k) of joints. (SEM cross section images of three replicates were used

for measurement and shear tests were performed in five replicates)

6.4.2 Effect of sintering duration on microstructure

The joints were also bonded at the lowest and highest temperatures of 220 °C and 310 °C
for different times to investigate the effect of duration on grain and pore size, porosity and
strength of the sintered Cu nanoparticle structure. The grain size remains almost unchanged
with increasing times at 220 °C as shown in Fig. 6. 2, which indicates that the activation of
grain growth requires a higher temperature. However, holding at 220 °C can still activate the
atomic diffusion between Cu nanoparticles and increase density of both bulk and interfacial

sintered structure and the joint shear strength. The pore number increases slightly while the
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pore size decreases significantly from 137.90 nm at 5 min to 99.70 nm at 20 min, and this
results in the decreasing porosity. Most of the large and irregular pores disappear at 20 min and
some of them become isolated and spherical as shown in Fig. 6. 2 (i), and the pore size and
shape distribution in Figure A8 of Appendix also confirm that. The deformation degree of
sintered Cu nanoparticles increases with increasing time as shown in Fig. 6. 2 (c-e), which is
in good agreement with the strength result. When holding at 310 °C, the grain size similarly
shows little change as shown in Fig. 6. 2. The sintering stress o arises from interfacial energies,

also referred to sintering driving force, can be defined by [119]:

6
o= (1-p) (1

where y is surface tension energy, G is mean grain size and p is porosity. Although 310 °C is
much higher than 220 °C, the grains at 310 °C are also much larger (almost a factor of 2) and
further grain growth requires a higher temperature.

Unlike the progressively decreasing porosity at 220 °C, the interface porosity at 310 °C only
decreases when sintering time increases from 5 min to 10 min, the sintered structure porosities
for different time show little difference as shown in Fig. 6. 2 (a). This porosity result also shows
a good agreement with the insignificant change of pore size and number also pore size and
shape distribution (see detail in Figure A9 of Appendix). Hu et al. [120] also found that the
sintering porosity decreases first with holding time and then becomes stable. The deformation
degree of sintered Cu nanoparticles with different time at 310 °C also remains almost
unchanged as shown in Fig. 6. 2 (f-h). The grain size and porosity at 310 °C change little with
increasing time, but the joint shear strength keeps increasing and the possible reason will be
discussed in Section 7.3.7. The statistical significance of these parameters is also analyzed by
T-test and can be seen in Appendix.

The joints sintered at 220 °C for 20 min and 310 °C for 10 min share similar porosity in the

bulk sintered structure (12.7% and 11.1%) and interface (22.1% and 22.6%). The grains of
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310 °C are almost twice as large as the grains of 220 °C and the pore size is also larger as
shown in Fig. 6. 2 (i-j). However, the shear strength of joints at 220 °C/20 min is 30.88 MPa
which is similar to the joint strength of 30.69 MPa at 310 °C/10 min. It can be inferred that
porosity is the most important factor of joint strength and grain or pore size does not play a
significant role. The porosity and strength of sintered Cu structure can be effectively improved
by increasing sintering time at low temperature which is better for manufacturing, as high

processing temperature could increase the cost and damage some temperature sensitive devices.
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Figure 6. 2 Variation in pore size/number and porosity of the bulk sintered Cu structure
and interface (a), and grain size of the bulk sintered structure and shear strength of
joints (b) due to different time at 220 °C and 310 °C. Corresponding SEM fracture

surface images (c-h) of joints. Comparison of sintered structure at 220 °C/20 min (i) and

310 °C/10 min (j). (SEM cross section images of three replicates were used for

measurement and shear tests were performed in five replicates)
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6.4.3 Sintering mechanism and modeling

The sintering process can be divided into three stages: the initial stage with neck growth and
minor densification, the intermediate stage with grain growth and significant densification, and
the final stage with isolated and spherical pores and low densification rate. In high temperature
(over 800 °C) and pressure sintering over several hours duration [118, 121], the sintered
particle density can reach near bulk material values. The sintering process in this study was
carried out under zero pressure and low temperature (below 310 °C). The porosity in the
sintered Cu only increases 0.2% from 310 °C/10 min (11.1%) to 310 °C/20 min (10.9%), which
indicates that the lowest achievable porosity p, is near to 11% at sintering temperature (310 °C).

A two particle sintering model was used in this study and the particles were assumed to be
slightly attached in the necking area at the beginning of sintering as shown in Fig. 6. 3 (a). To
simplify the simulation, the area outside the necking area was assumed to be triangle as
indicated by red line in Fig. 6. 3 (a) and the movement AL of particle centers was neglected.
For the case of mass transport to the neck by GB diffusion, the growth rate of sintering neck

can be given by [122]:

1/6
E _ 96ngy‘Q§gb tl/é (12)
kTa*
For the case of surface diffusion:
x  (56DyQoN\""
R ( 7 ) t1/7 (13)
kTa*
For the case of lattice diffusion through GB:
X 807Dy 13 s
-—=—]) t 14
( kTa? ) (14)

Where a is particle radius, Dy, D; and D; are the diffusion coefficients for GB, surface and

lattice diffusion, & is Boltzmann constant, £ is volume of the diffusing vacancy, d,;, and J, are
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the thickness for GB and surface diffusion, 7"is the temperature. The pore

sintering neck and porosity p can be given by:

P, = 2a*-2ax

PP,
8a?

p:

(a)

P, = 8a’p ;
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Figure 6. 3 Schematic illustration (a) of two particle sintering model and comparison (b)

of bulk sintered structure porosity of experimental results and modeling prediction due

to different diffusion method (0.1a-0.4a represent the diffusion thickness J)

The porosity p was assumed to remain unchanged when it attains the lowest porosity p,

which is assumed to be 11%. The porosity 34% of the sintered structure at 0 min (just after

reduction) was measured and the porosity 20.2% at 220 °C/5 min was used to calculate the

relevant parameters (i.e. D, y, ). The experimental porosity results of other sintering

conditions were compared with the modeling prediction based on equation (8) as shown in Fig.
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6. 3 (b). It is clear that the modeling curves of GB and surface diffusion whether at 220 °C or
310 °C fit better with the experimental results than the curve of lattice diffusion, which
indicates that GB and surface diffusion are the main diffusion method during Cu nanoparticle
sintering. The activation energy of lattice diffusion is higher than that of GB or surface
diffusion and requires higher temperature. Meanwhile, the modeling curves with 0.2a thickness
at 220 °C and 0.3a thickness at 310 °C in the GB diffusion mode show the best fit with the
experimental results. It can be inferred that GB diffusion dominates during Cu nanoparticle
sintering under 310 °C.
6.4.4 Fracture mechanism of joint

A joint with representative fracture surface (bonded at 220 °C for 20 min) was selected to
investigate the micro-fracture mechanism of joint. Different areas of Cu substrate and their
corresponding areas on Cu die were both observed as shown in Fig. 6. 4 (see more fracture
surface images of joint with different sintering conditions in Appendix Figure A12-13). It is
clear that sintered Cu was attached to both the surface of Cu die and substrate after fracture.
The fracture surfaces are seen to lie adjacent to either the die or substrate interfaces, such that
there are few areas where the fracture occurs in the bulk sintered structure. The sintered Cu
adhering to the Cu substrate shows plastic deformation with dimple-like morphology as shown
in Fig. 6. 4 (b). However, a very thin sintered layer with similar plastic deformation was also
found on the corresponding detached area of Cu die as shown in Fig. 6. 4 (e). It can be inferred
that the fracture indeed occurs within the sintered structure near to the interface and the sintered
Cu at the interfaces is plastically deformed. Meanwhile, some sintered Cu nanoparticles
adhering to the Cu die/substrate also show little deformation as shown in Fig. 6. 4 (c). These
indicate areas of poor bonding between the sintered Cu structure and the bonding surfaces. The
representative fracture crack path at the interface in Fig. 6. 4 (f) also indicates that the joint

fracture mainly occurs within the bulk sintered Cu and the sintered Cu nanoparticles are
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plastically deformed.

Cu Die \‘g;_y%

Figure 6. 4 Representative SEM fracture surface image of joint bonded at 220 °C for 20

min. Areas on Cu substrate: (a), (b) and (c), corresponding areas on Cu die: (d), (e) and

the inset of (c). Representative SEM fracture image of joint cross section (f)

6.4.5 Grain growth during sintering

The grain growth behavior during sintering was studied by combining SEM observation and
ion beam etching. According to the statistics of grain size presented in Section 7.3.2, grains
finish growing very fast (within 5 min) during sintering and then stop growing when the
holding time is further increased, whether at 220 °C or 310 °C. The SEM observation shows
similar result as shown in Fig. 6. 5. However, twin [ with a diameter about 100 nm and grain
II with a diameter about 50 nm in Fig. 6. 5 (al) grow slightly by absorbing part of surrounding
grains. Although the mean grain size will not increase significantly during constant temperature
heating, some small grains can still grow due to high grain surface activity. In contrast, those

larger twins or grains shows little change when holding at 220 °C or 310 °C.
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200 nm

Figure 6. 5 Time sequences of SEM observation showing sintering of Cu nanoparticles
at 220 °C (a-b) and 310 °C (c-d). Grain size and boundary remain unchanged after

heating and only twin (T) I and grain (II) in (al) grows a little

Fig. 6. 6 shows the process of grain growth during elevated temperature heating. The grains
show different brightness in the BSE images due to different grain orientation. It can be clearly
seen in Fig. 6. 6 (a) that two black grains I and II grow by transforming the grey grains on their
right into black grains first, which represents similar orientation to their own. These grains then
merge together into two bigger black grey grains. The color of the left grey grains also becomes

black grey while the GB remains. It can be deduced that the crystal structure of these
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misorientation grains undergoes different degrees of re-arrangement during sintering and the

final orientation tends to be consistent. This further co-alignment of grain orientation could be

caused by GB migration or dislocation motion at the interface [116, 117].

Figure 6. 6 Sequence of SEM observation showing sintering of Cu nanoparticles at
elevated temperature (each for Smin). Grains with different orientation (a) as indicated
by different brightness undergo orientation unification during coalescences, incomplete

orientation unification causes twinning (b), larger grains (c-d) assimilate smaller grains

At the beginning of sintering, particles tend to reorient themselves through another way of
rigid body rotation to match their orientation according to both simulation and experimental
reports [123, 124]. Zhang et al. [125] observed the sintering behavior of two small
nanoparticles and a larger one with special twin structure by in situ TEM exposure. These three
nanoparticles were initially misaligned after attachment and they later deformed and rotated
for co-alignment of particle orientation. The twin particle finally assimilated one small particle

when they shared same orientation, while another small particle retained due to slight
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misorientation. Their result is very similar to the growth behavior of twin particle as shown in
Fig. 6. 6 (c), where the twin assimilates the small grains on the right and the left grain remains.

Fig. 6. 6 (b) show another sintering process of twin I and II and grain III with different
orientation. The color of these particles all turn to black grey after heating to 250 °C and these
particles later coalesced together into a larger twin particle as shown in Fig. 6. 6 (b4). Lange
et al. [117] reported a deformation of twinning occurred after neck formation in two coalesced
nanoparticles with different orientation. According to their result, the particle grows by creating
a deformed region within other attached particles. The atomic columns in this region becomes
disordered first and then develops the same orientation of this growing particle, which results
in different orientations of deformed and un-deformed regions. This incomplete orientation
unification results in the formation of twins at the region interface. The formation of twin
structure is driven by decreasing total interfacial energy and can also be seen in other research
[114, 126, 127]. The misaligned and disordered degree of original particle orientation is critical
in twin formation. In contrast, the coalescence of twin IV and grain V and VI in Fig. 6. 6 (b1)
or several grains as indicated by white dash lines in Fig. 6. 6 (d) only produces a larger grain.

Most of current research on metal nanoparticle coalescence were conducted using in situ
TEM heating or electron beam exposure [114, 116, 117, 125, 128]. These studies are mainly
focused on the early stage sintering behavior of a limited number of nanoparticles and these
nanoparticles on a TEM sample grid are usually mobile. There is also a limitation on TEM
sample thickness (below 200nm). This study bridges the gap between those small-scale studies
and macroscale studies, concentrating on the intermediate and latter stage sintering
mechanisms involving numerous particles. In summary, grains tend to grow by merging with
other similar-sized grains and the crystal structure of final grain depends on the orientation
unification degree as shown in Fig. 6. 6 (a-b). The larger grain will retain its original crystal

structure and further grow by assimilating the whole or parts of other smaller grains as shown
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in Fig. 6. 6 (c-d). The thermodynamic driving force for particle coalescence is the reduction in
surface energy. At the early sintering stage, particles are mobile and may deform or rotate to
achieve orientation unification. Particle rotation during or following attachment may not appear
in high temperature (over 800 °C) sintering as the enhanced diffusion could relieve the strain
at the interface before rotation occurs. At the intermediate and latter sintering stage, GB
migration or dislocation motion at the interface could lead to further co-alignment to correct
the misorientation. Lange et al. [117] found the presence of dislocation nodes after imperfect
orientation attachment at the interface of coalesced particles with misorientation. They reported
that these dislocations would be either sessile or dissociated and glide through the adjacent
particles which is driven by the surface stress in the neck groove.
6.4.6 Twin growth during sintering

It has been demonstrated that the introduction of high density twins can significantly enhance
the strength of polycrystalline copper due to the effective blockage of dislocation motion by
numerous coherent twin boundaries [127, 129]. However, from the statistics of twin numbers
in sintered Cu nanoparticles as shown in Fig. 6. 7 (a-b), it is clear that there is a small difference
(below 7%) between the twin percentages (twin number/twin and grain number) of different
sintering conditions. The twin percentage remains relatively constant in the sintered Cu
structure when holding at 220 °C or 310 °C as the grains do not grow significantly in these
situations. During a rising temperature heating, the grains and twins will coalescence together
and grow into one larger grain or twin, which results in more variable twin percentage curve.
It can be also seen in Fig. 6. S and Fig. 6. 6 that the twin structure of grain won’t change after
heating without coalescence. This is different to the single particle observation reported by
Zhong et al. [80] that the twin structure disappeared after heating due to the re-arrangement of
atoms. Misorientation between grains formed during coalescence can produce twinning as

shown in Fig. 6. 6 (b) and Fig. 6. 7 (d-e). The twin grain can also assimilate nearby grains and
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transform their crystal structure into twins as shown in Fig. 6. 6 (¢) and Fig. 6. 7 (¢).
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Figure 6. 7 Twin percentage (a-b) in sintered Cu for different conditions. Sequence of

SEM observation showing sintering of Cu nanoparticles (c-e) at elevated temperature
(each for Smin). Twinning occurs in the assimilation of grains by twin particle (¢). Twin

forms (d-e) during coalescence due to incomplete orientation unification

6.4.7 Grain boundary shifting during sintering

The coalescence behavior of Cu nanoparticles and Cu die/substrate surface was investigated
as shown in Fig. 6. 8. One can easily distinguish the initial bonding interface by the coherent
large voids at the interface and it was found that some tiny voids in Fig. 6. 8 (al) are distributed
in a line along the initial interface. The GB between the sintered Cu and Cu die grains barely

move either at elevated temperature or during increasing time at 220 °C, and only one GB in
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Fig. 6. 8 (b1) shows a little shifting after heating at 310 °C. However, it was found that some
GBs as indicated by white arrows in Fig. 6. 8 (al), (c1) and (d1) move away from the initial
interface towards the sintered Cu side, which indicates that these larger Cu die grains have
assimilated smaller sintered Cu grains during the early sintering stage. Zhong et al. [80] and
Fang et al. [130] also found the growth of larger particles is accompanied by the shrinkage of
smaller particles during sintering. This can be explained by the Ostwald ripening phenomenon,
which leads to the dissolution of smaller solid grains and re-precipitation at regions of larger
energetically favored solid grains [131]. Meanwhile, a small number of GBs were also found

to move towards Cu die side as shown in Fig. 6. 9 (a).

(al) Cu Die 220°C|(a2) | a3 280°C|(a4) 310°C

etching etching.

Voids

280°C

etching

Figure 6. 8 Sequence of SEM observation showing the bonding interface at different

temperature for Smin (a-b) and at 220 °C for different time (c-d). GB barely moves
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after heating and only GB in (b1) moves a little. GBs in (al, c¢1 and d1) move away from

the initial interface towards the sintered Cu side during early sintering stage

Fig. 6. 9 (b) shows an obvious GB shifting process during temperature hold at 310 °C. It is
clear that a Cu die twin grows by assimilating part of a neighboring sintered Cu twin and their
GB moves towards sintered Cu side. Although the mean grain size shows little change during
holding at 310 °C as discussed in Section 7.3.2, it can activate the GB shifting between larger
Cu die grain and smaller sintered Cu grain. This kind of GB shifting can be also found during
Cu nanoparticle sintering as shown in Fig. 6. 5 (a), Fig. 6. 6 (c-d) and Fig. 6. 7 (¢). There are
also some tiny voids along the initial interface due to incomplete sintering as shown in Fig. 6.
9 (b1), the residual organics could also induce voids [78, 132]. Some new voids in Fig. 6. 9
(b3) exposed after the sample was slightly etched to make the grain structure visible. The cracks
may originate from these defects (voids) during fracture and decrease the bonding strength.

However, after a drop test (from 1.5 meters height), the joint fracture exactly appears at the
GB rather than the initial interface and the sintered Cu adhering to the Cu die also shows plastic
deformation as shown in Fig. 6. 9 (¢). Kimura et al. [133] also reported that the fracture crack
propagates along the GBs of sintered nanoparticle structure. Therefore, the joint strength can
be further strengthened by the GB shifting away from the initial interface contains harmful
voids. The GB shifting at the interface requires a high driving force due to the low surface
activity of large Cu die grains and can be found in either the early sintering stage with the
presence of high curvature nanoparticles or in the latter sintering stage with high temperature.
This is responsible for the unchanged grain and pore size and porosity of sintered Cu structure

but increasing joint strength at 310 °C with increasing time as mentioned in Section 7.3.2.
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Figure 6. 9 Representative SEM images (a) of the bonding interface showing GB moves
towards Cu die side. Time sequences of SEM observation (b) showing the bonding
interface at 310 °C, SEM fracture surface image (c¢) of corresponding joint after drop
test. GB in (b1) moves away from voids after heating and fracture in (¢) exactly appears

at the GB not the initial bonding interface.

6.5 Conclusions
The grain growth behavior in the bulk sintered Cu structure was identified by quasi-in-situ
SEM observation. Grains continue to grow at elevated temperature by merging with other

similar-sized grains or assimilating the whole or parts of other smaller grains. Incomplete
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orientation unification during coalescence may produce twinning and the twin grains can also
assimilate nearby grains and transform their crystal structure into twins. Both the porosity of
the sintered structure and the bonding interface decrease with either increasing temperature or
time. The rate of decrease levels off when the porosity approaches the ultimate value of 11%.
Decreasing porosity is accompanied by the decreasing pore size in case of insignificantly
changed grain size or the decreasing pore number in case of increasing grain size. GB diffusion
dominates during Cu nanoparticle sintering under 310 °C and the most important factor
determining joint strength is porosity rather than grain or pore size. Joint fracture tends to occur
in the bulk sintered Cu structure and also at the GB between the sintered Cu and the Cu
die/substrate grains. The sintered Cu structure shows plastic deformation with dimple-like
morphology after fracture. The assimilation of sintered grains by die/substrate grains results in
the interfacial GB shifting away from the initial bonding interface, and away from the high

concentration of voids at this interface, resulting in strengthening of the sintered Cu joint.
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Chapter 7: Unraveling the complex oxidation effect in sintered Cu

nanoparticle interconnects during high temperature aging

7.1 Background

Although considerable sintered Cu joint strength has been achieved in many studies, the
reliability of Cu joint under high temperature is less widely reported. The main problem with
Cu nanoparticle based materials is the ease of oxidation, which causes difficulty in Cu joining
process and deterioration of joint reliability. In our previous research [134], the Cu oxide has
been found to be a different brittle structure to the sintered Cu structure. The oxides formed
during high temperature aging could weaken the strong Cu bonding and result in a degradation
of joint strength, which is also reported by other papers [135, 136]. Meanwhile, some
researchers believe that the oxidation can increase the density of sintered Cu structure and thus
strengthen the joint [4, 137]. Gao et al. [137] found that during aging at 200 °C in air, the shear
strength of sintered Cu joints increases significantly at first and then decreases with the aging
time. Oxidation enhancement of strength is not able to explain subsequent strength degradation
after prolonged the aging time. The complex effect of oxidation on the microstructure and
strength of sintered Cu structure requires more in-depth research.
7.2 Objectives

This chapter aims to unravel the multiple oxidation effects on the microstructure and strength
of sintered Cu structure. The microstructure evolution of sintered Cu structure during high
temperature aging was investigated using a quasi-in-situ method combining SEM observation
and ion beam etching. The effect of aging time on the grain size, porosity and strength of the
sintered structure and the micro-fracture mechanism of the joint were also studied.
7.3 Methods

Cu nanoparticles and glycerol were mixed to fabricate the reducing paste. After the reduction

and pre-bonding process in Chapter 5, the assemblies were heated to 220 °C for 20 min without
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pressure in N2. Next the joints were aged at 200 °C in air for 24 h, 100 h and 500 h to study the
effect of oxidation on sintered Cu structure. The joint cross section structure was also
sequentially aged for 1 h, 3 h, 10 h and 24 h to accelerate the oxidation while it was
intermittently observed by combining SEM and ion beam miller during the aging process. The
same joint was slightly etched by ion beam milling to adequately remove the oxide formed on
Cu surface after every aging step so that the original sintered Cu structure could be clearly seen.
7.4 Results and discussion

7.4.1 Effect of aging time on microstructure

The joints bonded at 220 °C/20 min were aged at 200 °C in air for different times to
investigate the effect of oxidation on the microstructure and strength of sintered Cu structure.
The sintered Cu structure was found to be oxidized after aging at 200 °C in air and the color of
the joint fracture surface also changed from the original orange to black and grey as shown in
Fig. 7. 1 (a). The main oxidation product of sintered Cu during high temperature aging has
been reported to be Cu20 in our previous research (220 °C) [134] and also by other papers
(200 °C) [137, 138]. Meanwhile, it is found that around 55% of the fracture surface area in the
aged joints, show a similar color to the original sintered Cu and a limited oxygen content (a
slight increase from 0.4 % at 0 h to 0.6 % at 500 h) as shown in Fig. 7. 1 (b).

With increasing the aging times, the oxidized area percentage including both black and grey
area increases slightly which indicates that the oxidation did not propagate significantly with
the aging time. The oxygen content of grey area changes little while the oxygen content of
black areas increases from 10.5% at 24 h to 14.5% at 500 h. The shear strength of joints
increases firstly with increasing aging time and reaches a peak of 32.0 MPa at 100 h, then
decreases as aging time rises to 500 h. For the un-oxidized sintered Cu areas (orange color),
the aging is indeed a re-sintering process. However, the grain size of the bulk sintered Cu in

this area changes little with the aging times. The porosity also decreases slightly from 12.7%
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at 0 h to 9.8 % at 100 h and then remains steady. The pore size decreases from 99.70 nm at 0 h
to 79.68 nm at 500 h while the pore number in the unit area of 1 pm? increases from 10.73 to
15.19. The pore size and eccentricity distributions show a slightly decreasing number of large
and irregular pores with increasing aging time (see Figure A10 in Appendix). The statistical
significance of these parameters is also analyzed by T-test and can be seen in Appendix. The
insignificant decrease in porosity indicates that the microstructure change of the black and grey

area during aging could be responsible for the changed joint strength and this will be discussed

in Section 7.4.2.
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Figure 7. 1 Variation in oxidation area (a) of joint and corresponding oxygen content
(b), porosity and grain size and pore size/number of bulk sintered Cu (c) and shear
strength of joints (d) due to different aging times. (SEM cross section images of three

replicates were used for measurement and shear tests were performed in five replicates)

7.4.2 Fracture mechanism of joint
The effect of oxidation on the microstructure and the micro-fracture mechanism of joint was

investigated by comparing the fracture surfaces of the original joint and the aged joint for 100
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h. Different areas of Cu substrate and their corresponding areas on Cu die were both observed
as shown in Fig. 7. 2. It is clear that the Cu nanoparticles were not uniformly distributed in the
sintered Cu structure and this results in areas with different densities termed the loose,
intermediate (IM) and dense area. Aggregation of Cu nanoparticles could be one reason for the
non-uniform distribution. Meanwhile, the reaction byproduct of gas will cause the formation
of bubbles in the paste during the reduction process, which would worsen the distribution. The
following sintering process was carried out without the assistance of pressure, so that those

loose areas cannot be eliminated.

o JotermediateArea
53 22 g

Figure 7. 2 SEM fracture surface images of joint before (a, b) and after (c, d) aging at

200 °C for 100 h

In the loose area, Cu nanoparticles were not contacted closely, which causes insufficient

sintering of Cu as shown in Fig. 7. 2 (b1). The sintered Cu nanoparticles in these areas show
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little deformation after fracture and the joint fracture occurs mainly at the bonding interface
between sintered Cu and Cu substrate as shown in Fig. 7. 2 (al). This highly porous structure
facilitates the introduction of air during aging and this leads to significant oxidation (black
color) of the sintered Cu structure. The oxidized structure also shows little deformation, while
it becomes much denser and the joint fracture occurs within the bulk sintered Cu structure as
shown in Fig. 7. 2 (¢1) and (d1). The sintered Cu structure in the IM area shows trace of plastic
deformation as shown in Fig. 7. 2 (b2), but the bonding between sintered Cu and Cu substrate
is still bad and the Cu substrate surface is exposed after joint fracture. The sintered Cu structure
in this area becomes a bit denser after aging, while the oxidized structure tends to be more
brittle and shows a different color of grey to the structure of loose area as shown in Fig. 7. 2
(c2) and (d2). In contrast, the fracture surfaces of dense area (orange color) in both the original
and aged joints show significantly plastic deformation, which indicates that strong bonding was
achieved. These dense areas contribute to the high joint strength of over 25 MPa for all aging
conditions.

Fig. 7. 3 shows the SEM cross section images of the original and aged joints. It should be
noted that the cracks in Fig. 7. 3 were caused by the joint cross section process and one can
easily distinguish Cu and its oxide due to their different contrasts in the BSE images as shown
in Fig. 7. 3 (d). The corresponding EDS mapping result in Fig. 7. 3 (d1) also confirms this.
The porosity of loose sintered area is 26.3 % and Cu nanoparticles were poorly bonded and the
sintered Cu fell apart after fracture as shown in Fig. 7. 3 (a). However, the oxides formed during
aging tend to fill into the voids and decrease the porosity to 10.9 % (100 h), which results in a
much more compact structure as shown in Fig. 7. 3 (e). Although the oxidized Cu structure
shows a different brittle fracture to the dense and un-oxidized Cu structure as shown in Fig. 7.
3 (b) and (d), the loose sintered Cu structure can still be strengthened by the decreasing porosity.

Meanwhile, the bonding interface becomes almost voidless due to the oxidation as shown in
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Fig. 7. 3 (f) and the fracture path changes from the interface into the bulk sintered Cu, which

is consistent with the joint fracture results in Fig. 7. 2 (al-d1) and Fig. 7. 3 (c¢).
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Figure 7. 3 Representative SEM cross section images of joint before (a-c) and after (d-h)
aging. Corresponding EDS mapping result (d1) of image (d) and P in (a), (¢) and (g)

represents porosity

It is found that the oxides start to form in the interface area at first and then spread into the
bulk sintered Cu structure as shown in Fig. 7. 3 (g) and (h). The fracture path also moves from
the interface into the bulk sintered Cu with the increasing oxidation area. Meanwhile, the mixed
sintered Cu and oxide structure in the inset image of Fig. 7. 3 (g) also shows trace of plastic
deformation after fracture. Unlike the full oxidation of sintered Cu in the loose area, the spread
of oxide was suppressed by the lower porosity of 19.7 in the intermediate area as shown in Fig.

7. 3 (g) and limited to areas near the bonding interface. In conclusion, the joint was further
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strengthened by the oxidation as it can significantly increase the density of both the bulk
sintered Cu and the interface in the loose area and lead to a shift of fracture path from the
interface to the bulk structure.
7.4.3 Particle coarsening mechanism

Fig. 7. 4 (a-c) show the morphology of aged Cu nanoparticles in the loose areas for different
times. It is clear that the sintered Cu nanoparticles are covered by many smaller oxide
nanoparticles and undergo an obvious coarsening process when the aging time increases from
100 h to 500 h, and a typical nanowire structure of CuO [97, 139] in the inset image of Fig. 7.
4 (c) also forms. However, the sintered Cu structure for all aging conditions show little
deformation after fracture and the porosity decreases significantly at first and then remains
consistent when the aging time rises to 100 h as shown in Fig. 7. 4 (d). It can be deduced that
the microstructure change of the IM and dense areas could be the possible reason of decreasing
joint strength from 100 h to 500 h. From Fig. 7. 2 (a2-d2) and Fig. 7. 3 (¢, g, h), it seems that
the oxidation tends to increase the sintering density of IM areas while it also turns the partly
deformable Cu matrix into a brittle structure. Different IM sintered areas of Cu die and their
corresponding areas on Cu substrate were both observed as shown in Fig. 7. 4 (e-h). The
magnified views of single micro-sized compact aged for 100 h in Fig. 7. 4 (el) and (f2) show
signs of plastic deformation after fracture. However, the sintered Cu becomes a completely
brittle structure and shows little deformation after aging for 500 h as shown in Fig. 7. 4 (g1-2)
and (h1-2). Meanwhile, it is found that the sintered structure surface is covered by many more
oxide nanoparticles compared to the structure aged for 100 h.

Based on the SEM observation, a possible coarsening mechanism of sintered Cu structure
during high temperature aging is proposed. First, the Cu nanoparticles coalesce together during
sintering and form a porous structure with separated clumps (termed compacts) with necks and

voids as shown in Fig. 7. § (a). During high temperature aging, the oxide nanoparticles grow
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on the surface and also in the interspace of sintered Cu structure by consuming Cu in the core
and neck areas. These oxide nanoparticles are poorly bonded and are intrinsically a brittle
structure. Meanwhile, the sintering neck areas are thinner than the inner bulk Cu areas and tend
to be the weak point of the whole sintered Cu structure. After short time aging, the remaining
un-oxidized Cu bonding areas are still plastically deformable as shown in Fig. 7. 5 (b1).
However, when the oxides grow further and consume the whole Cu structure in the neck area,
the oxidized Cu becomes a completely brittle structure as shown in Fig. 7. 5 (c¢1). The fracture
would then occur within the oxide and result in a coarsening behavior of sintered Cu

nanoparticles.

Figure 7. 4 SEM fracture surface images (a-c) and porosity (d) of loose sintered areas

for different aging times. SEM fracture surface images of joint aged for 100 h (e-f) and
500 h (g-h). Areas on Cu die: (e-e2) and (g-g2), corresponding areas on Cu substrate: (f-
f2) and (h-h2)
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Figure 7. 5 Schematic illustration of the coarsening process of sintered Cu structure

7.4.4 Void growth during aging

From the fracture surface of joints aged for 100 h in Fig. 7. 2 (b2), it can seen that the strong
and deformable Cu bonding in the IM areas is limited. Therefore, the correlation between the
transition from a deformable structure at 100 h into a brittle structure at 500 h and the
decreasing joint strength is not completely convincing. In order to investigate the effect of
aging on the microstructure of dense sintered Cu, the joint cross section (dense area) was
directly aged at 200 °C in air to investigate the dominant effect of oxidation and the oxide was
removed adequately by ion beam milling after every aging step so that the original sintered Cu
structure could be clearly seen. It is clear that the voids ranging from 10-30 nm diameter start
to form in the sintered Cu structure after aging for 3 h as shown in Fig. 7. 6 (a3). These voids

are much smaller than the voids caused by incomplete sintering and can be easily distinguished.
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Meanwhile, it is found that the oxides tend to form in the interspace of sintered Cu and decrease

the porosity as shown in Fig. 7. 6 (b), which is consistent to the porosity result in Fig. 7. 4 (d).
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Figure 7. 6 Time sequences of SEM observation showing the formation of void (a, ¢, d)
and oxide (b) in sintered Cu structure during aging. Representative SEM image of joint
cross section showing the void line (e) along the GBs after aging for 24 h.

Corresponding EDS mapping (b3) and (f) of image (b1) and (d2), respectively

Although the joint cross section structure shows void formation after aging for 3 h and 10 h,
the preferential nucleating sites for oxide formation remains unclear. Therefore, the joint cross
section (dense area) was also aged for 24 h to produce more voids. From Fig. 7. 6 (d1) and

(d2), it is clear that the voids occur mainly at the GBs and also inside the sintered Cu
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nanoparticles. Meanwhile, a large number of voids distributing in a line along the GBs were
found in the aged structure as shown in Fig. 7. 6 (e). More SEM images of the joint cross
section structure before and after aging are shown in Fig. 7. 7 (a-c). In contrast, the joint cross
section without aging was also etched and there are not many new voids formed after etching
as shown in Fig. 7. 8 (a), which indicates that these tiny voids in Fig. 7. 6 and Fig. 7. 7 are
caused by the oxidation. It has been also reported that the GBs are the preferential nucleating
sites for oxide formation and the oxide islands formed along the GBs show a faster growth rate
than that on the Cu surface [102].

(d) Joint Aging

Voids under 50 nm diameter
i in the unit area 1 pm?

Aging Time (h)

] | ——————————

Figure 7. 7 SEM images of joint cross section before (a) and after aging for 24 h (b) and
100 h (c). Variation in pore number (d) of sintered Cu due to different aging times and

representative SEM cross section images of joint after aging for 100 h (e) and 500 h (f)

In the case of the whole joint aging, the oxidation in the dense area was significantly

suppressed by the low porosity of ~10 %. A large number of oxidation voids only occur after
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aging for 500 h and the number of voids under 50 nm diameter in an unit area 1 um? increases
from 9.6 at 0 h to 31.8 at 500 h as shown in Fig. 7. 7 (d). GB is the interface between the
particles with misaligned orientations and could be the weak point of the Cu bonding [140].
Kimura et al. [133] also found that the fracture cracks propagate along the GBs of sintered
nanoparticle structure. Therefore, it can be inferred that the formation of voids along the GBs
tend to weaken the bonding of sintered Cu nanoparticles and result in a decrease of joint

strength after aging for 500 h.
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Figure 7. 8 Representative BSE cross section image (a) of sintered Cu before and after

etching. Schematic illustration (b) of the Kirkendall void formation

This oxidation void formation can be explained by the Kirkendall effect [141, 142]. The
sequence of oxidation reactions on a clean Cu particle surface is generally accepted to be
oxygen chemisorption, nucleation and growth of surface oxide, and bulk oxide growth. The

oxygen atoms first diffuse on the particle surface and would be incorporated into an oxide
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island. These oxide islands nucleate and grow on the Cu surface until they coalesce into a
homogeneous oxide layer separated from the Cu core by a nanoscale vacancy gap as shown in
Fig. 7. 6 (b2) [99, 143]. This oxide layer then grows and prevents exposure of Cu to oxygen.
Further oxidation of Cu occurs on both internal and external surfaces of the oxide layer and is
a result of Cu atoms from the underlying Cu core diffusing outward through the oxide layer
and oxygen atoms diffusing into Cu core. The higher diffusion rate of Cu atoms through the
oxide layer compared to oxygen atoms will lead to the nucleation of small vacancies, which
then accumulate to form nanoscale voids along the GBs and also inside the sintered Cu
nanoparticles as shown schematically in Fig. 7. 8 (b). The velocity of any given plane related

to the flux of vacancies crossing it can be given by the Darken equation [14]:
oCy
v= (D, _DB)a_ (17)
X

. op . aCy . . . .
where D is the diffusion coefficient of Cu atoms and a_xA is the concentration gradient, Dy is

the diffusion coefficient of oxygen atoms.

The formation of Kirkendall void in singe Cu nanoparticle has been widely reported in
synthesizing hollow oxide nanoparticles for sensor technologies and nanomedicine by means
of in situ plasmonic nanospectroscopy [144, 145] and scanning transmission electron
microscopy [138]. When holding at 200 °C in the presence of oxygen, the Kirkendall void is
found to nucleate at the vacancy gap interface and then expand into the metal core. This
expansion undergoes a transition from linear to angular void growth mode until the entire Cu
particle is consumed. Unlike the single Cu nanoparticle oxidation, where the nanoparticle
becomes a complete hollow oxide structure within several minutes. The Cu oxidation in the
dense sintered Cu area was significantly suppressed by the low porosity, and the formation of
Kirkendall voids was limited to a very early stage. Kirkendall voids, though a typical defect in
solder joints, have rarely been reported in the context of sintered Cu interconnects. This study

constitutes the first detailed experimental observation of nanoscale Kirkendall void formation
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in the bulk sintered Cu during high temperature aging. This finding provides novel insights for
understanding of the oxidation effect on the microstructure and strength of sintered Cu.
7.5 Conclusions

The complex oxidation effect on the porosity and grain size and strength of sintered Cu
structure was revealed. The Cu oxides formed during aging tend to fill into the interspace of
the poorly bonded Cu nanoparticles in the loose area and significantly decrease the porosity of
sintered Cu from 26.3 % to 10.9 %, and the bonding interface of sintered Cu structure and Cu
substrate becomes almost voidless. Thus, the joint fracture path shifts from the interface into
the bulk sintered structure and the joint strength increases from 26.7 MPa at 0 h to 32.0 MPa
at 100 h. However, the further growth of brittle oxide in the intermediate areas accompanied
by a particle coarsening behavior would turn the plastically deformable Cu matrix into a brittle
structure. Although the oxidation was significantly limited by the low porosity (near 10%) of
dense area, the 200 °C aging (re-sintering) fails to further increase the density of sintered Cu
and the grain size also changes little. Meanwhile, a large number of nanoscale Kirkendall voids
are found to form mainly along the GBs and also inside the sintered Cu nanoparticles after a
prolonged aging of 500 h. These voids induced by the different diffusion rate of Cu and oxygen
atoms through the thin oxide layer, will weaken the Cu bonding and result in a decreasing joint
strength of 26.5 MPa at 500 h. The similar original and 500 h aged joint strength indicates that
the sintered Cu nanoparticle interconnection have a good thermal reliability and is a promising

candidate to replace the current lead-free solders for high power electronics.
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Chapter 8: Conclusions

8.1 In situ reduction-sintering

Chapter 4 and 5 present the in situ reduction-sintering process of both CuO and Cu
nanoparticles by glycerol for fabricating strong Cu-Cu bonding for power electronics. The
original oxide is reduced to Cu during the reduction process and the remaining organics further
prevent the oxide formation during the pre-bonding process. The reduced Cu particles can be
immediately sintered after the reduction and pre-bonding processes at the same temperature
and the rapid sintering speed significantly depresses the formation of oxide during the
subsequent sintering. The proposed method produces high sintered Cu joint strength (22 MPa
of CuO for 15 min sintering and 33 MPa of Cu for 5 min sintering), but without the need for
pressurized sintering or protective gas atmospheres.

The reduced Cu particle size resulting from CuO is very large (1 pm). These micron-sized
particles have a better oxidation resistance than nanoparticles and oxide is only found to form
after sintering for 15 min. The only oxide that forms after a longer sintering duration is Cu20,
which shows morphological evolution from a laminar layer structure formed by growth and
coalescence of Cu2O nano-stripes to a multiple layer structure formed by crossed and
overlapping Cu20 nano-grains. In contrast, the high surface activity of Cu nanoparticles results
in a more sufficient sintering of Cu and also a faster oxidation speed. Therefore, the Cu
nanoparticles were sintered for only 5 min to form the joint. The shape of the oxide grains is
also found to change from spherical (Cuz0) to rod (CuO) shaped during storage in air. Cu
nanoparticles seem to be more promising than CuO nanoparticles as the interconnection
material due to the stronger and deformable sintering structure. Meanwhile, the in situ
reduction-sintering process eliminates the use of special storing condition for Cu nanoparticle,

which comprises the merit of CuO (free of further oxidation).
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8.1.1 Future work suggested from chapter 4 and 5 results

The use of pressure in pre-bonding or bonding process seems to be inevitable as it can
significantly increase the sintering density and the thermal reliability of sintered Cu joint. The
manufacturing cost can be further decreased by selecting cheaper materials. Cu nanoparticles
under 50 nm diameter have high surface activity and sinterability. However, these ultra-small
nanoparticles are difficult to synthesize and store. Cu submicro/microparticle and CuO
nano/microparticle are good alternatives. For Cu submicro/microparticle, special surface
modification (i.e. Ag or Sn cover) for increasing the sinterability are not the optimal solution
due to the high cost. Cu submicro/microparticle can be slightly oxidized to create a thin
oxidation film on the surface, and then using a specific reducing agent to reduce the oxide to
nano-Cu. Reduction-sintering of CuO would be also promising if the reduced Cu size can reach
the nanoscale. Therefore, future work in the field should focus on developing effective
reduction-sintering process for Cu submicro/microparticle and CuO nano/microparticle.
8.2 Grain growth mechanism during sintering

Chapter 6 develops a specific quasi-in-situ method combining SEM observation and ion
beam etching to investigate the mechanism of grain growth in the sintered Cu structure during
sintering. The cross section of sintered Cu structure has to be slightly etched by ion beam miller
after every heating step so that the GB could be clearly seen. The effect of sintering conditions
on grain and pore size, porosity and strength of the sintered Cu structure was also studied. The
grains are found to continuously grow accompanied by orientation unification which is
attributed to grain boundary (GB) migration or dislocation motion at elevated temperature.
Incomplete orientation unification during coalescence may produce twinning and the twin
grains can also assimilate nearby grains and transform their crystal structure into twins.
Decreasing porosity of sintered Cu structure during increasing sintering temperature or time is

accompanied by the decreasing pore size in case of insignificantly changed grain size or the
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decreasing pore number in case of increasing grain size. GB diffusion dominates during Cu
nanoparticle sintering under 310 °C and the most important factor determining joint strength is
porosity rather than grain or pore size. The assimilation of sintered grains by die/substrate
grains results in the interfacial GB shifting away from the initial bonding interface, and away
from the high concentration of voids at this interface, resulting in strengthening of the sintered
Cu joint. This novel mechanism of GB shifting could provide new guidance for strengthening
the sintered Cu interconnections for power electronics.
8.2.1 Future work suggested from chapter 6 results

The atomic scale mechanism of coherent twin boundary formation and the shifting of GB
between sintered Cu grains and substrate grains still remain unclear. An in situ high resolution
TEM observation could be useful to reveal the relevant mechanism. Meanwhile, the grain
orientation is not visible in the SEM observation and the use of electron backscattered
diffraction (EBSD) could be helpful for further elaboration of the mechanisms of grain growth
and twin formation. Introduction of coherent nano-twins into sintered Cu structure can increase
the joint strength, but the relevant research is currently limited. Therefore, future work should
focus on atomic scale research of grain growth and twin formation and developing effective
method to introduce coherent twin structure in sintered Cu joint.
8.3 Oxidation effect on microstructure of sintering Cu structure

The complex oxidation effects on the porosity and grain size and strength of sintered Cu
structure during high temperature aging have been unraveled in Chapter 7 and conflicting
findings in the literature reconciled. The Cu oxides formed during aging tend to fill into the
interspace of the poorly bonded Cu nanoparticles in the loose area and initially increase both
the density and strength of sintered Cu overall. However, the further growth of brittle oxide in
the intermediate areas accompanied by particle coarsening behavior would turn the plastically

deformable Cu matrix into a brittle structure. Meanwhile, a large number of nanoscale
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Kirkendall voids are found to form mainly along the GBs and also inside the dense sintered Cu
nanoparticles after a prolonged aging of 500 h. These voids induced by the different diffusion
rate of Cu and oxygen atoms through the thin oxide layer, will weaken the Cu bonding and
result in a decreasing joint strength at 500 h. The similar original and 500 h aged joint strength
indicates that the sintered Cu nanoparticle interconnection have a good thermal reliability and
is a promising candidate to replace the current lead-free solders for high power electronics.
8.3.1 Future work suggested from chapter 7 results

More tests related to the joint reliability need to be done (i.e. thermal cycle and shock). While,
the conductivities of sintered Cu film were mostly measured and reported, the conductivities
of the whole sandwich structure and the reliability of the sintered Cu interconnection in power

devices have been less widely reported. Therefore, future work should focus on these topics.
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Appendix

1. Etching treatment

Cu nanoparticles readily oxidize and the oxide will form during high temperature heating
even under a high purity of N2. For the quasi-in-situ observation, the Cu joint needs to be
slightly etched by ion beam milling at 4 KV for only 2 minutes after every heating step to clean
the slightly oxidized Cu surface and make the GB visible again. The etching time would vary
with different sample size and polishing voltage, and some machines have a more powerful ion
beam launcher which would also shorten the etching time. 2 minutes at 4 kV or 1 minutes at 5

kV are only based on my experience and the specific ion beam miller [ used (JEOL SM-09010).

Basically, the minimum polishing time for most of ion beam millers is 1 minute and the
swing mode needs to be turned on during the etching to avoid scratches. The updated ion beam
miller (i.e. Hitachi IM4000) is able to finish one swing cycle even within 5 seconds. Therefore,
one can stop the etching manually and bring the minimum polishing time down to 5 seconds.
The suitable polishing voltage for metal is between 4-6 kV. It is suggested that using the
minimum polishing time of the ion beam miller at 4 kV to find the suitable etching time and
avoid damaging the sample surface. The sample need to be checked by SEM to see if the
etching is finished and can be etched again when the GB is still invisible. There is no need to
etch for those metals with good oxidation resistance (i.e. Ag or Au) and high vaccum or inert

gas sintering condition. (relevant to Section 3.7)
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2. EDS result

Spectrum 13

Cu

Cu
o
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[Full Scale 7422 cts Cursor: 0.000 keV]
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100pm Electron Image 1

Figure A1 EDS results of reduced Cu particles after sintering at 220 °C for 15 min.

(relevant to Section 4.4.2)

Spectrum 10
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Figure A2 EDS results of reduced Cu particles after sintering at 220 °C for 40 min.

(relevant to Section 4.4.2)

Spectrum 5
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Figure A3 EDS results of cross section of joint after sintering at 220 °C for 15 min.

(relevant to Section 4.4.2)
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Cu Spectrum 4

Full Scale 8698 cts Cursor: 0.000 kel

019.17%
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0pm : ) Electron Image 1
Figure A4 EDS results of cross section of joint after sintering at 220 °C for 40 min.

(relevant to Section 4.4.2)

In order to eliminate the influence of C introducing from the environment and polishing
process, clean Cu substrate cross section after ion beam polishing was first detected by EDS
(Zeiss EVO LS15 SEM with EDS Analysis). The mean C and O content of ten different areas

in the Cu substrate is 7.9 £+ 0.3 wt.% and 0 wt.% as shown in the following image, respectively.

Electron Image

Figure AS Representative EDS results of Cu substrate. (relevant to Section 6.4.1)

The mean C and O content of ten different areas of both the fracture surface and cross section
of the sintered Cu structure at 220 °C and 20 min is 8.7 £ 0.6 wt.% and 0.4 + 0.1 wt.% as shown
in the following image, respectively. Therefore, the contents of organic residue and oxide are

limited in the sintered Cu structure.
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Figure A6 Representative EDS results of sintered Cu structure. (relevant to Section

6.4.1)

3. Grain size and pore size/shape distribution
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Figure A7 SEM cross section image and grain size and pore size/shape distribution of
sintered Cu nanoparticles at 220 °C (a), 250 °C (b), 280 °C (c) and 310 °C (d) for 5 min.

(relevant to Section 6.4.1)
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Figure A10 SEM cross section image and grain size, pore size/shape distribution of
sintered Cu nanoparticles after aging for 0 h (a), 24 h (b), 100 h (¢) and 500 h (d).
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4. Shear test
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Figure A11 Force-displacement curves of joint with different temperatures during

shearing force measurement. (relevant to Section 6.4.1)

5. Joint fracture
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Figure A12 SEM fracture surface images of joints for different bonding conditions.

(relevant to Section 6.4.4)
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Figure A13 Representative SEM fracture surface image of joint bonded at 310 °C for 20
min. Areas on Cu substrate: (a), (b), (¢), (g) and (i), corresponding areas on Cu die: (d),

(e), (f), (h) and the inset of and (i). (relevant to Section 6.4.4)

6. Statistical Significance

T-tests were used to assess the means of grain size, pore size/number and strength of sintered
Cu structure for different aging conditions. The calculation was conducted by Excel. T-tests are
useful to check if two group means are different when they have significant different variances.
It should be noted that the strength of joints increases and the porosity of sintered Cu decreases
with the sintering temperature or time in most cases and these parameters will be analyze by
the one tailed T-tests. And the data groups with similar mean value and standard deviation
usually show insignificant difference in the means and there is no need for T-tests. For example,
the pore sizes of sintered Cu aged for 0 h (99.70 + 61.27, nm) and 24 h (102.19 + 61.75, nm)

in Chapter 7 share similar mean value and standard deviation. The relevant t-value and p-value
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for standard two tailed T-test are -0.651494655 and 0.51481277, respectively. Since the p-
value > (.05, there is insignificant difference in the mean pore size for 0 h and 24 h aging.
The t-value and p-value for one tailed T-test of shear strength in Chapter 6 for 220 °C/5 min
(27.38 £ 2.79, MPa) and 310 °C/5 min (30.54 + 3.45, MPa) sintering are -1.592933708 and
0.074920233, respectively. Since the p-value > 0.05, there is insignificant difference in the
mean shear strength for 220 °C/5 min and 310 °C/5 min. There is also insignificant difference
in the mean shear strength for 310 °C/5 min (30.54 + 3.45, MPa) and 310 °C/20 min (32.70 =
4.90, MPa), p: 0.224019053 > 0.05, and for 220 °C/5 min (27.38 £ 2.79, MPa) and 220 °C/20
min (30.88 = 3.54, MPa), p: 0.060194522 > 0.05. The possible reason for the insignificant
difference in the mean joint shear strength under different sintering conditions could be the
vulnerable joint and pressureless sintering process. The dummy Cu chip and substrate
diameters are only 4 and 8§ mm and the thicknesses are only 2 and 3 mm, respectively. Any
slight change in the bonding process or shear test will cause different shear result. Meanwhile,
these specific Cu chips/substrates are not customized from suppliers but are made from the
mechanical cutting (diamond saw, small and simple machine in the lab) of Cu rod. The Cu
discs after cutting were then polished by emery paper and their surfaces are not perfectly flat
in both horizontal and vertical directions, which could cause a slight difference in the bonding
strength even with same sintering conditions. These results could be responsible for the large
variance of joint shear strength for each condition and insignificant difference in the mean shear
strength for different conditions. Meanwhile, the assistance of pressure during sintering can
significantly increase the strength of sintered Cu and also the gap between the strength for
different sintering conditions, which could result in significant difference in the mean joint
shear strength for different conditions. However, the sintering was carried out under zero
pressure in this thesis. The statistical significance results may not fully support the conclusion

that the joint strength increases with the sintering temperature or time, but the results of joint
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strength in Chapter 6 are consistent with an increase in the shear strength and require further
work to fully validate the conclusion.

The t-value and p-value for one tailed T-test of bulk sintered Cu porosity in Chapter 6 for
280 °C/5 min (12.89 £ 2.06, %) and 310 °C/5 min (11.65 + 1.35, %) sintering are 1.94543534
and 0.031101588, respectively. Since 0.05 > p-value > 0.01, there is significant difference in
the mean porosity for 280 °C/5 min and 310 °C/5 min sintering. Therefore, the porosity
decreases slightly when the temperature increases from 280 °C to 310 °C. The t-value and p-
value for one tailed T-test of bulk sintered Cu porosity in Chapter 6 for 310 °C/5 min (11.65 +
1.35, %) and 310 °C/20 min (10.90 + 1.66, %) sintering are 1.480763696 and 0.073066484,
respectively. Since the p-value > 0.05, there is insignificant difference in the mean porosity for
310 °C/5 min and 310 °C/20 min sintering. Therefore, the porosity changes little with
increasing the sintering times at 310 °C.

The t-value and p-value for two tailed T-test of pore size in Chapter 6 for 220 °C/5 min
(137.90 £ 86.16, nm) and 220 °C/20 min (99.70 + 61.27, nm) sintering are -9.568721213 and
5.62E-21, respectively. Since the p-value < 0.01, there is highly significant difference in the
mean pore size for 220 °C/5 min and 220 °C/20 min sintering. Therefore, the pore size
decreases with increasing the sintering times.

The t-value and p-value for two tailed T-test of pore size in Chapter 7 for 0 h (99.70 + 61.27,
nm) and 500 h (79.68 + 43.89, nm) aging are 8.049297 and 1.61315E-15, respectively. Since
the p-value < 0.01, there is highly significant difference in the mean pore size for 0 h and 500
h aging. Therefore, the pore size decreases with increasing the aging times.

The t-value and p-value for one tailed T-test of porosity in Chapter 7 for 0 h (12.74 £ 2.18, %)
and 500 h (9.94 + 1.56, %) aging are 7.135663016 and 1.24031E-09, respectively. Since the p-
value < 0.01, there is highly significant difference in the mean porosity for 0 h and 500 h aging.

Therefore, the porosity decreases slightly with increasing the aging times.

116



The t-value and p-value for two tailed T-test of shear strength in Chapter 7 for 0 h (26.66 +
4.63, MPa) and 100 h (31.97 £ 1.75, MPa) aging are -2.776279466 and 0.039073724,
respectively. Since 0.05 > p-value > 0.01, there is significant difference in the mean shear
strength for 0 h and 100 h aging. The t-value and p-value for two tailed T-test of shear strength
in Chapter 7 for 100 h (31.97 + 1.75, MPa) and 500 h (26.53 + 1.44, MPa) aging are
5.740672416 and 0.000433611, respectively. Since the p-value < 0.01, there is highly
significant difference in the mean shear strength for 100 h and 500 h aging. Therefore, the shear
strength of joints increases firstly with increasing the aging time then decreases as aging time

rises to 500 h.
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