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Abstract: utilisation of silver nanoparticle paste as high temperature die attach has been

investigated. The examinations of high temperature behaviour of sintered silver have
indicated massive grain growth and microstructural evolution at 250 °C. The rate of evolution
of the microstructure has been found to increase substantially above 350 °C. This high
temperature behaviour can undermine the reliability of sintered silver nanoparticles at high
operating temperatures if no modifications are applied to the pure form of this material. In
addition to the microstructural evolution of the silver in isolation, silver atoms inside the die
attach undergo massive migration towards any gold interfaces contacting the die attach. This
behaviour can result in reduction of the mechanical performance of the die attach and
undermine the thermal reliability as well. Here two new techniques are introduced addressing
these two concerns, both of which produce joint structures with improved thermal stabilities.
In one technique oxidation of sintered silver’s internal surfaces has been able to stop
microstructural evolution of sintered silver up to 400 °C, increasing the thermal stability of
sintered silver from 200 °C to this new limit. The other technique has combined sintered
silver with a gold mesh interposer to use the mass migration of silver and gold atoms to
obtain extreme thermal stability. The samples produced with this technique could withstand
testing at 600 °C. Furthermore, a review of literature on this field has uncovered the result
that while applying sintering pressure on the die results in improved mechanical strength,
without this pressure the higher porosity allows better thermal cycling resistance of sintered
silver. This indicates another important advantage of the second thermal stabilization
technique, namely that using a mesh interposer allows control over the amount of porosity,

helping to achieve the desired properties.
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1 Introduction

To improve the efficiency of aeroplanes and vehicles there is a need for a suitable and
reliable high temperature die attach material. Such material can enable electronics comprising
wide-bandgap semiconductors and high temperature tolerant passive components to control
actuators and sensors needed to improve efficiency and reduce pollution. Not only might
aerospace and automotive industries benefit from such die attach material, but also oil and
gas industry can benefit by extraction of oil from deeper oil wells [1]. While a high
temperature die attach normally refers to the material utilised for mechanical attachment of
electronic chips to electronic boards operating beyond 125 °C, the current targeted
temperature range for future applications is 300 °C and more [2], which is also the

temperature range targeted in this project.

The main aim of this project is to investigate the suitability of a promising high
temperature die attach material and understand the underlying physical mechanism of its high
temperature behaviour to recommend potential routes and techniques towards utilisation of
that potential solution. The particular material technology selected is based on sintering of
silver nanoparticles. In this chapter firstly a brief overview will be provided on the necessity
of performing these investigations. Then, all the currently available technologies will be
investigated along with their shortcomings. Following the review of currently available
solutions, there will be an introduction to the material selected in this project. Next, the
author will state the aim and objectives of the project and the areas that have been targeted.

Finally, the contributions of the author will be outlined.

Chapter 2 will describe the background information on the particular implementation
of the technology selected for this project. In Chapter 3, the thermal behaviour and reliability
of that solution is investigated. Next, in Chapter 4, a novel technique for stabilisation of the
solution’s microstructural changes to increase its reliability is proposed. In Chapter 5 the
behaviour of the solution when utilised on two common substrates will be studied. Chapter 6
will illustrate a new technique for production of a high temperature die attach material,
showing very promising extreme thermal stability. In Chapter 7, the key points will be

summarized and some recommendations for future work will be introduced.



1.1 Background on the need for development of a suitable die attach material for high

temperature applications

High temperature die attach materials generally fall into two main categories. The
first category corresponds to the die attach that is used for high temperature environments.
Applications for this category are normally sensors and electronics for oil and gas extraction,
monitoring aerospace or automotive engines, and space exploration [1]. The second category
is related to applications, in which the high temperature is generated by the electronics, most
important example being power electronics. One important requirement of the die attach of
the latter category is heat dissipation from the electronic chip into the substrate. Therefore,
the thermal conductivity of the die attach would be a crucial aspect for consideration.
However, for the former category the thermal conductivity would not be of particular
importance. On the other hand, the mechanical properties of the joint would be of much more
significance, especially as most of the applications, such as oil/gas extraction involving
oil/gas well drilling and engine monitoring for aeroplanes and automotive, would require
higher vibrational endurances. There are also many shared properties required to be in
possession of die attach for both categories. Some important examples of these common
properties are thermal stability, thermal cycle resistant, and suitable flexibility to prevent die
fracture as a result of difference in coefficient of thermal expansions of the die and the

substrate.

The category of die attach materials targeted in this research is based on applications
subjected to high temperatures from their environments. Therefore, the main requirements of
the suitable die attach for this research would then be mechanical reliability, thermal stability,
resistance to thermal cycles, and flexibility. The thermal stability and flexibility requirements
are implicit in the requirements to resist thermal cycles as well. Therefore, the thermal
stability, flexibility, and mechanical reliability aspects will be under further considerations in
this project. Some of these requirements are more significant in some applications, as it will

become clearer in later sections.

For applications such as aerospace and automotive, especially hybrid and electric
vehicles, the need for a suitable die attach comes from the fact that the electronic equipment,
especially the sensors, should get as close as possible to the engine to increase their accuracy,
and therefore, improving the efficiency of the engine [3], while this can reach up to 300 °C in

case of automotive [4] and even higher for aerospace industry. In addition to improved



efficiency as a result of improved accuracy of electronics, reducing the distance to the engine
would reduce the cabling of the electronic connections and increase the engine efficiency by
reducing the weight of the aeroplane [3]. For these two applications the resistance to thermal
cycles is of more importance, as a result of engine on and off cycles, while long operating

times are also important, which can be sometimes as long as 10 to 30 years [1].

In addition, as the Si technology is approaching the theoretical limit of its capabilities
and the maximum operational temperature for Si is 150 °C [5] with break-down temperature
of beyond 350 °C [6], wide-bandgap semiconductors have been considered for future
electronic, especially for high temperature applications. This is due to the fact that the wide-
bandgap semiconductors, such as silicon carbide (SiC), gallium nitride (GaN), and Diamond,
can operate at extreme operating temperatures. For instance, the predictions of silicon carbide
(SiC) semiconductors from their intrinsic carrier concentrations indicated potential operating
temperature of even more than 800 °C [7], while more than 500 °C has been experimentally
confirmed [7]. In addition to their capability of operating at extreme temperatures, they can
operate with higher frequencies, for example, in case of diamond semiconductors it can be
possibly 81,000 times of Si semiconductors [5], and also SiC can have high energy efficiency
[8]. As a result of these potentials, the market value of these wide-bandgap semiconductors is
estimated to reach about $1 billion by 2020 for only SiC and GaNi [9]. However, to achieve
this potential and easily present these semiconductors into the high temperature electronics
market, there is a need for a suitable die attach material to handle the high operating

temperatures.

Other driving forces for this research are the EU regulations to remove the lead (Pb)
contents from the electronic equipment [10], but lead based solders are normally used for
applications of only up to maximum 250 °C [11], which is below the aim of this research.
However, the solution investigated in this research may also be used for lower temperatures

to potentially fulfil the need for lead-free electronic equipment.

In addition to the requirements on the capabilities of the die attach itself, the
processing steps are also very important. For example, to ease the processing of the materials,
the processing temperature should not be higher than the maximum operating temperature.
This becomes more significant for the operating temperatures targeted for this research. If the
processing temperature is higher than the operating temperature, similar to the case of
solders, the processing temperature would have to be extremely high. This would complicate



manufacturing and potentially damage other electronics on the circuit. Another important
processing criterion would be pressure-less processing, as the pressure on the die during the
processing steps may cause cracks on it, while it will also make the manufacturing processes
more difficult.

1.2 Current high temperature die attach materials and their limitations

At the moment, there exist many different types of die attach materials, such as
conductive adhesives, many different solders alloys, Low Temperature Transient Liquid
Phase (LTTP) bonding, also called Solid-Liquid Inter-Diffusion (SLID) bonding, liquid
interconnects, and sintering micro and nanoparticles. However, this section will only
concentrate on the solutions already known as die attach materials for temperature ranges of
300 °C or more, which in most cases do not require processing pressure. The mentioned
criteria would exclude conductive adhesives and many solder alloys, as they cannot operate at
such temperatures. Also, sintering micro-scale particles would in many cases require
processing pressure, excluding them from the current high temperature die attach materials

considered in this section [12].

High gold content solders are one type of currently available die attach materials for
the targeted high operating temperatures [13, 14]. The gold based solders are basically an
alloy of gold with a lower melting point metal such as tin, indium or gallium. One example of
concerns about these materials is that as the solders are required to melt during processing,
there can be residual stresses left inside the joint, reducing the mechanical reliability
especially at high operating temperatures [15]. In addition to high residual stresses inside the
joint, as the solder needs to be molten during processing, the operating temperature cannot
exceed about 75% of the processing temperature, so that for high operating temperatures the
processing temperatures needs to be extremely high. This issue can complicate the
manufacturing and even damage the semiconductors on the electronic board. Furthermore,
the high percentage of gold makes the processing of these solders difficult because of the
reflow temperatures being higher than other alternatives [16], and also this high gold content
is more expensive relative to other solutions, making this solution less favourable for some
applications. Moreover, these solders are not very flexible and their hardness can transfer

stresses into the die and cause fracture [17].
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On the other hand, there are alternative materials, which have decoupled the
processing temperature from the operating temperature, resolving issues related to high
processing temperatures. Some of these solutions are liquid interconnects [18, 19], SLID
interconnects [20 - 22], and nanoparticle sintering of metals such as copper or silver [1, 2, 12,
15, 16, 23 - 29].

Liquid interconnects appear to be another interesting approach to produce the high
temperature joint. However, due to the liquid nature of the material at high operating
temperatures and lack of a suitable solution for resolving the issues associated with
encapsulation of the liquid interconnect for large die, this system has not been much
investigated in the literature and requires further examinations and reliability tests for high

temperature applications.

SLID based materials are another group of high temperature die attach materials
currently in industry for applications up to 300 °C. In a SLID system, there are mainly two
metals utilised for production of the bond, in which one metal has a higher melting point than
the operating temperature, such as gold, silver or copper, and the other with melting point at
the processing temperature, such as indium or tin. Therefore, during processing by reaching
the melting point of the metal with the lower melting point the metal liquefies and diffusion
occurs between the two metals. This reaction establishes the bond by producing an alloy with

melting point higher than the operating temperature, see Figure 1.1 below.

B melting at After diffusion,
the processing AB is ready for
temperature operation
B AB

A

Figure 1.1: Schematic representation of processing of SLID systems, in which “A”
represents the metal with higher melting point and “B” represents the metal with lower

melting point.

This technique cannot be used for higher temperatures than 300 °C due to many

shortcomings [30, 31]. Some disadvantages of SLID technique that prevent it from being
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used at higher temperatures are, for example, sharp reduction to their mechanical strength at
high temperatures even much lower than their melting point [30, 31]. In addition, they

undergo brittle fracture and delamination at high operating temperatures [31].

The remaining technique, which is the subject of this thesis, is based on sintering of
nanoparticles, which normally consist of silver [12, 15, 16, 24 - 26, 28, 29], copper [32, 33],
or a mixture of metals [23, 34]. In this case the processing temperature can be much lower
than their potential operating temperatures. This is due to reduction of sintering temperature
as a result of lowering the particle size to nanoscale [25]. The reduction of particle size
results in increase of the ratio between surface area and volume, which increases the total
surface energy of the particles. This increased surface energy raises the tendency of the
particle to join with others and lower its total energy. In addition, this increase to the
particle’s total energy would also result in a reduction to the temperature required to liquefy
the particle and can even result in surface premelting [35], and therefore, reducing the
potential sintering temperature even further [25, 36]. Figure 1.2 below shows an example of
reduction to the particle’s melting point as a function of its size for gold. This phenomenon
enables relatively low processing temperatures for the die attach materials, which can then
potentially function at extremely higher temperatures close to the material’s melting
temperature. For example, sintering temperature of copper nanoparticles to produce the die
attach can be about 300 °C [37], while its potential operating temperature could be almost as
high as the melting point of copper. However, the shortcomings of this technique normally
are related to the unknowns of the sintering process and its behaviour during long term
operation, especially at high temperature and/or high mechanical vibrations. These unknowns
make doubts about their long-term reliability and as a result is delaying their implementation
into industry [24].

12
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Figure 1.2: Melting point of gold particles against their size [38]. Here two different

theoretical models are compared with experimental data indicated by the uneven dotted line.
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1.3 Selection of silver nanoparticle paste as a potential high temperature die attach

Among the mentioned die attach materials for high temperature applications, sintering
nanoparticles appears to have the highest potential to overcome the challenges of high
temperature environments. While the other die attach techniques have issues related to their
inherent properties, sintered silver nanoparticles have not yet shown any fundamental
problems that can completely prevent this material from becoming a potential high
temperature die attach. While there exist some inherent issues with the sintered silver such as
silver migration [27], this issue has not yet shown any significant concern on practicality of
sintered silver as high temperature die attach. Therefore, it has been selected for further
investigations to examine its practicality more. The following subsections will explain

benefits of silver nanoparticles in more detail.
1.3.1 Benefits of silver

To produce a reasonable die attach with acceptable mechanical capabilities the
utilised material should have acceptable properties. Silver fundamentally has good
mechanical performance when compared with other materials [2]. In addition, silver based
solutions have a much lower price than gold, which can be an advantage for some
applications. Moreover, higher resistance of silver to oxidation compared to other
alternatives, such as copper, which is one of the most important alternatives, has been another
important argument for selection of silver. In addition, while sintering copper normally
requires a reducing gas atmosphere, applied pressure on the die, or UV light for successful
sintering [15], silver nanoparticles can be sintered without these requirements [15].
Therefore, silver has promising properties, which have contributed to selection of this
element as the potential die attach material to be further investigated. Indeed, there are also
many other researchers, who have selected this material as their potential solution for such

applications as well, see Section 2.4.

Nevertheless, the issues related to silver should also be considered for particular
applications. Two of the most important of these issues could be named as silver migration,
such as electromigration or ionic migration, or tarnish of silver in presence of sulphur. While
the main aim of this research is mechanical attachment of die to the substrate with no
electrical current going through the die attach or any voltages being applied across it, it would

remain a concern for applications under such conditions. Therefore, while silver migration is
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noted as an issue for some applications, it would not be a concern for the applications
targeted in this project. However, the stabilisation explained in Chapter 4 for stopping surface
diffusion of sintered silver atoms can be potentially used to increase the reliability of sintered
silver for those applications. In addition, the intrinsic problem of silver tarnish in presence of
sulphur could cause concerns for deep oil and gas exploration, but again it would not be
investigated further and additional protection will be required, for example, by insulation of
the electronics from the oil and gas wells’ environment. Nevertheless, the stabilisation
technique might be used to prevent the issues related to silver tarnish as well, and therefore, it

would be recommended for future research to further investigate this benefit.
1.3.2 Benefits of nano-size

The benefit of nanoparticles for this type of application is mainly reduction to melting
temperature and sintering temperatures [25]. This reduction results from an increase to
surface energy and vapour pressure of nanoparticles, empowering sintering of nanoparticles
at lower temperatures to decrease their total energy [25]. One example of this reduction to
melting point is melting point of 2.4 nm silver particles, which is around 350 °C [39], but the
bulk silver melts at around 961 °C. An interesting point of this lowered sintering temperature
is that it decouples the processing temperature from operating temperature, as the sintered
structure has the melting point of bulk material. Another benefit of nano-size, in addition to
lowering the processing temperature, is removing the need for applied pressure during
processing [12], again as a result of increased driving force.

Another important aspect of sintering nanoparticles is the final porous structure. The
porosity of sintered silver can be controlled by the silver nanoparticle size, the degree of
homogeneity of the particle sizes, the organic materials inside the silver nanoparticle paste,
and sintering profile. Indeed, these kinds of porosities can be very beneficial for the die attach
application, as it can increase the flexibility of the die attach and avoid possible fracture of
the die at high temperatures, through plastic deformation of the porous structure [40]. The die
fracture can be caused as a result of difference in thermal expansion coefficients of the die
and substrate. Furthermore, this kind of porosity has also been considered even required for

improving the elastic modulus and mechanical performance of the sintered structures [12].

While the nano-size has such advantages, its drawbacks should be considered as well.

The main issue with nanoparticles is the safety concerns in handling and processing them,

15



which will be resolved after the sintering process and formation of bulk silver. There are two
risks associated with handling of nanoparticles, one is inhalation of nanoparticles and the
other is dermal exposure. Firstly, inhalation of silver nanoparticles can cause deposition of
the particles inside the human lung [41], which can then be absorbed into the circulation
system. This effect can result in “silver ion elimination mechanisms”, which may damage
sensitive human tissues [41]. Secondly, the dermal absorption is another potential route of
absorbing silver nanoparticles, which can then be transferred into the circulation system and
reach sensitive organs [42]. Due to presence of such risks, the processing of nano-sized
materials is more complicated than other available techniques. However, by following some
easy safety rules these hazards should be eliminated. For example, after using the paste, the
equipment, especially for printing the paste, such as stencil printer and squeegee, should be
washed from excess paste, and the excess should then be placed in designated bins. This
process should be performed right after the assembling procedure, as the organics inside the
silver nanoparticle paste may evaporate and allow transfer of the nanoparticles into the
atmosphere and their inhalation. In addition, it would be wise to store the silver paste inside a
cool place to avoid dry-up of the paste and prevent easier desiccation of the paste during

processing.
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1.4 Objectives of the research

As mentioned previously, the main aim of this project is to investigate the suitability of
a promising high temperature die attach material; silver nanoparticle paste. The approach
towards addressing this objective is organised according to the following subsection and the

main contributions of the author are mentioned in the subsequent subsections.
1.4.1 Organisation of thesis

Chapter 2 will include some background information surrounding the silver
nanoparticle paste, which is selected as the material for further investigations. In this chapter
information on synthesis of silver nanoparticles and the paste will be included. In addition,
sintering mechanisms of the nanoparticles leading to fabrication of the micro-scale die attach
from the sintering process will be investigated. Finally, the fourth section of the second
chapter will include research and state of the art developments on silver nanoparticle paste as
a high temperature die attach material, which is a standalone review accepted in

Microelectronics Reliability [46].

Chapter 3: This chapter has been published as [43]. It will investigate high
temperature behaviour of the sintered silver structure, focusing on its reliability and physical
mechanisms associated to its thermal behaviour. This chapter investigates the high
temperature behaviour of exposed and unexposed sintered silver to atmosphere prior to the
high temperature. The investigations of the microstructural behaviour are performed in a
fairly continuous manner at high temperature storage. The results obtained will be used to

investigate physical mechanisms of this high temperature behaviour in more detail.

Chapter 4: This chapter has been published as [44]. Here novel oxidising treatments
were introduced to the porous sintered silver structure to increase its thermal stability. The
microstructural stability was increased to 400 °C for 24 h and 300 °C for 600 h, awaiting

longer duration tests through future experiments.

Chapter 5: This chapter has been published as [15]. After the investigations of the
mechanisms of solitary sintered silver evolution, described in the previous chapter, its
behaviour and interactions with its surroundings is investigated in this chapter. In Chapter 5,

behaviour of sintered silver as a die attach will be examined when utilised on substrates with
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either gold or silver coatings. The long-term reliability and mechanical strength of this

material on those substrates has also been investigated.

Chapter 6: This chapter has been published as [45]. An innovative technique is
explained in this chapter which results in die attach materials with extreme thermal stability.
This chapter investigates thermal stability of this die attach up to 600 °C, and the lack of any
reduction to shear strength shows high potential of this material for utilisation in extreme

temperature applications.

Chapter 7 will be covering the conclusions for this thesis and also will recommend

some potential routes for future work on this area.

Please refer to Appendix A6 for a summary of the project in a confined format.
1.4.2 Author’s primary contributions

The author has been the primary contributor of the following journal papers:

Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on Ag and
Au substrates, Journal of Alloys and Compounds, 2014, Authors: S. A. Paknejad, G.
Dumas, G. West, G. Lewis, S. H. Mannan [15]

An important aspect of die attach materials is their interactions with their
surroundings, such as substrate and die’s metallization. In this paper the inter-diffusion
resulting in certain types of sintered silver behaviour and its consequences on its mechanical
properties and underlying structural evolution have been investigated. Further studies on
grain structure and formation of sintered silver has also been performed using Transmission
Electron Microscope (TEM) and Electron Back-Scatter Diffraction (EBSD).

Thermally stable high temperature die attach solution, Materials & Design, 2016,
Authors: S. A. Paknejad, A. Mansourian, Y. Noh, K. Khtatba, S. H. Mannan [45]

By utilising sintered silver’s interactions with gold metallization, a new technique for
production of a new thermally stable die attach has been proposed and examined in this
paper. Tests on this new material indicated a thermally stable shear strength of the die attach
at 600 °C for 100 h storage compared to 450 °C storage after 75 h and 1000 h. The SEM
images of samples stored for 24 h at 450 °C compared with 1000 h at 450 °C have also

18



confirmed this thermal stability. The author has filed a patent on the ideas presented in this

paper.

Microstructural evolution of sintered silver at elevated temperatures, Microelectronics
Reliability, 2016, Authors: S. A. Paknejad, A. Mansourian, J. Greenberg, K. Khtatbal, L.
Van Parijs, S. H. Mannan [43]

This paper investigates the microstructural behaviour of silver at high temperatures
continuously using a new in-house made equipment. This technique allowed detailed
understanding of sintered silver high temperature behaviour. In this work, physical
mechanisms of sintered silver’s grain size evolution have also been investigated. Finally, a
new idea is also proposed in this paper, which could enable production of a stable sintered
silver structure up to 400 °C, which has been tested and confirmed in a different route in
Chapter 4.

Review of silver nanoparticle based die attach materials for high power/temperature
applications, Microelectronics Reliability, 2017, Authors: S. A. Paknejad, S. H. Mannan
[46]

This paper covers scientific publications on utilisation of silver nanoparticles in die
attach materials. By considering all the research found in one place, some interesting
conclusions are drawn on processing steps and properties of sintered silver. One important
example of such conclusions is about the relationship between the processing pressure,
mechanical performance, and thermal stability of sintered silver.

Ultra-Stable Sintered Silver Die Attach for Demanding High-Power/Temperature
Applications, IEEE Transactions on Device and Materials Reliability, 2017, Authors: S.
A. Paknejad, K. Khtatba, A. Mansourian, S. H. Mannan [44]

After observations of massive grain growth inside sintered silver at high temperatures
of 250 °C and beyond, a simple technique of steaming the silver structure at 150 °C was
utilised here to stabilise sintered silver up to 400 °C. Here it has been shown that sintered
silver could withstand 400 °C for 24 h and 600 h at 300 °C.

The author has been the primary contributor of the following conference paper:
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Factors influencing microstructural evolution in nanoparticle sintered Ag die attach,
HITEN Conference in Cambridge, 2015, Authors: S. A. Paknejad, A. Mansourian, Y.
Noh, K. Khtatbal, L. Van Parijs, S. H. Mannan [47]

In this paper, high temperature storage of sintered silver is investigated after being
exposed to air (on its free surface) and after no exposure to atmosphere (sintered under cover
slip). The study includes analysis on the grain sizes of the sintered silver grains after thermal
storage. For grain size investigations, a computational technique using ImageJ and Matlab is
described and utilised. The main finding of this paper has been the difference between
microstructural evolution of exposed and not exposed surfaces of the silver to atmosphere. To
fully understand this process Differential Scanning Calorimetry (DSC) and acid cleaning of
the sintered silver have also been performed. See section Al inside Appendices for the

published paper.

The author has also filed patents on his ideas, which have been partially investigated

in Chapters 4 and 6 respectively:

Method and apparatus for creating a bond between objects based on formation of inter-
diffusion layers, Inventor: S. A. Paknejad, Number: 15/176,567

Increasing stability of porous silver to at least 400 °C, Inventor: S. A. Paknejad,
Number: 62/448,240

1.4.3 Author’s secondary contributions

In addition, the same silver nanoparticle paste has been investigated in another project
as interconnect for high current density applications, such as power electronics, where the
author has also substantially contributed. However, those studies have not been included in
this thesis to keep the aim focused on the primary aim of the high temperature die attach
project, but part of these studies has improved understanding of sintered silver properties and

performance as a die attach in power electronics.

The contributions of author on the related project has been published in journal papers

mentioned below:
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Tunable Ultra-high Aspect Ratio Nanorod Architectures grown on Porous Substrate via
Electromigration, Scientific Reports, 2016, Authors: A. Mansourian, S. A. Paknejad, Q.
Wen, G. Vizcay-Barrena, R. A. Fleck, A. V. Zayats, S. H. Mannan [48]

The effect of high current density on nanorod growth on sintered silver is investigated
here. In particular, the effects of current density, temperature and location of nanorod growth
have been studied in detail. It was found that electromigration in a porous medium differs
from that in a non-porous medium, and that the location of nanorod growth is not confined
only to the anode. The author has again contributed in designing the experimental setup,
setting up the experiments, analysing and understanding the acquired data, and preparing the

manuscript for publication. See section A2 inside Appendices for the published paper.

Stereoscopic Nanoscale-Precision Growth of Free-Standing Silver Nanorods by Electron
Beam Irradiation, The Journal of Physical Chemistry C, 2016, Authors: A. Mansourian,
S. A. Paknejad, A. V. Zayats, S. H. Mannan [49]

In this paper a new technique for fabrication of nanorods using electron beam is
explained. The nanorods could be fabricated with precision at the point of electron beam
contact. The author contributed in understanding the results. See section A3 inside
Appendices for the published paper.

Some other secondary contributions of the author have been published in conference

papers mentioned below:

Electromigration Phenomena in Sintered Nanoparticle Ag Systems under High Current
Density, HITEN Conference in Cambridge, 2015, Authors: A. Mansourian, S. A.
Paknejad, Q. Wen, K. Khtatba, A. Zayats, S. H. Mannan [50]

This paper investigates the effects of high current density through sintered silver
nanoparticles. In this paper, growth of nanorods on sintered silver as a result of
electromigration has been reported. This effect increases the concerns for potential short
circuits by growth of nanorods. However, it has been confirmed in this paper that these
nanorods only grow under high current densities and do not otherwise present a potential
issue for high temperature applications. For this study, the author has contributed in setting
up the experiments, analysing the acquired data, and providing help in preparation of the
manuscript. See section A4 inside Appendices for the published paper.
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Internal Structure Refinement of Porous Sintered Silver via Electromigration, HITEC
in Albuquerque, 2016, Authors: A. Mansourian, S. A. Paknejad, Q. Wen, K. Khtatba, A. V.
Zayats, S. H. Mannan [51]

It has been observed that electromigration inside sintered silver has refined its grain
structures. This effect has been studied in this paper and also additional information on
production of the nanorods, mentioned in the previous papers, is also provided, and some
potential applications for the nanorods are suggested. The author has contributed in
understanding the experimental results. See section A5 inside Appendices for the published

paper.
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2 Background on sintered silver nanoparticles as a high

temperature die attach solution

This chapter will concentrate on understanding the fundamental science surrounding the
utilisation of silver nanoparticle paste as a high temperature die attach material. The points
under investigations are mainly concentrated on production of the silver nanoparticle paste
including silver nanoparticle synthesis in particular, the mechanisms of sintering in
establishing the bulk structure of the die attach from the silver nanoparticles, mechanism of
sintered silver’s high temperature behaviour, and finally understanding the achievements and

shortcomings of state of the art.
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2.1 Silver nanoparticle paste

In this section the general requirements for preparation of silver nanoparticle pastes and
the common technique used for synthesis of silver nanoparticles for this type of research will
be explained. While utilisation of home-made silver nanoparticle pastes is common amongst
researchers in this field [1 - 10], the work in this project is based on pastes available
commercially. Therefore, the research here will be aimed at increasing understanding of state
of the art. While few companies exist offering silver nanoparticle pastes for die attachment,
such as Henkel, Heraeus, Alpha® Aromax®, and NBE Tech LLC, there has been limited
research performed on comparing the applicability and performance of the commercial silver
nanoparticle pastes in the market, especially at temperatures over 250 °C. Therefore, pastes
from NBE Tech LLC, a well-known manufacturer in this field, have been selected, which

have also been selected by some other researchers in this field [11 - 18].

Two silver nanoparticle pastes from NBE Tech LLC, NanoTach® N-paste and
NanoTach® X-paste have been utilised. N-paste is suitable for die with maximum 3 mm?
size, while X-paste is a newer version for die with maximum dimension of 10 mm?2. The
range of nanoparticle sizes has not been investigated in this project, but others using silver
nanoparticle paste from NBE have reported values of 8 - 12 nm [15, 17], 30 - 50 nm [18], and
<50 nm [16]. In addition, while the exact processing and characteristics of the pastes remain a
knowhow secret of NBE Tech, some general information has been obtained. For example,
some general information on their paste’s composition can be found on their datasheets,
shown in Table 2.1 below. The role of X-paste’s compositions will be clearer in the following
subsection. In addition, a general description of their processing steps can also been found on

some of their patents [19, 20].

Table 2.1: NanoTach® X-paste composition.

Components Weight Percentage

Silver 70-85

Silver Oxide 0-10
Cellulose 1-8

Alpha Terpineol 5-20
Menhaden Fish Oil 0-2
Isopropanol <1
Ethanol <1
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2.1.1 Synthesis of silver nanoparticles and preparation of the paste

There exist different procedures for production of nanoparticles [21], especially silver
nanoparticles [22]. However, the most common techniques utilised by researchers in the field
of high temperature joints is chemical reduction [2, 23 - 25], which is also the simplest
method [26].

To produce the required metal nanoparticles, its metal salt needs to go through the

chemical reduction, which can be expressed by the equation below [21]:
M** + xe” > M 2.1

where M is the required metal. This reaction requires loss of electron or oxidation of

species a according to the equation below [21]:
a¥ —xe” - a¥t* 2.2

These two processes together enable production of metal M nanoparticles by release
of the M atoms from the metal salt, providing the corresponding standard electrode potential
of the oxidation process is lower than that of the reduction [21]. The general term used to

describe these two reactions together is “redox reaction”.

For the redox reaction, the main precursor used by the researchers in this field is silver
nitrate [ 2, 23 - 25], while the reducing agents used differ. Some examples of the utilised
reducing agents, containing a species, are ethylene glycol [25], sodium citrate [ 2], and
sodium borohydride [24].

Production of silver nanoparticles from the redox reaction is then followed by other
processes to form a silver nanoparticle paste for ease of handling for example stencil printing
or syringe dispensing. These processing normally include centrifugation for thickening the
samples, and addition of organic materials for control of particle dispersion and prevention of
premature aggregation, and preparing the paste for easy printability [27]. There are three
main categories for the added organic materials to form the paste. These are binders, solvents
and ligands. The ligands are added for preventing premature sintering or aggregation of
nanoparticles. The benefits and functionality of ligands will be described in more detail in the

next subsection. Binders are included to avoid crack formation on printed silver paste during
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handling, and solvents are required for improved printability by correcting the viscosity [28].

Some examples of these three types of added organics are listed in Table 2.2.

Component Examples
Menhaden fish oils, myristyl alcohol,
polyacrylic acid, triethylene glycol, oleic acid,

Ligands methyloctylamine, hexadecylamine, 1-decanol
stearic acid, dodecylamine, and palmitic acid
Terpineol, ethanol, butyl carbitol,
Solvents toluene, xylene, phenol, isobornyl cyclohexanol,
and texanol,
Binders Cellulose, polyvinyl alcohol, and

polyvinyl butyral

This type of silver nanoparticle processing can result in formation of nanoparticles
with different shapes and sizes, which can be controlled during the synthesis process. One
example of this control is synthesis of nanoparticles with wire shapes [29, 30], which were
then utilised to strengthen the sintered silver structure [2]. The techniques for improving
sintered silver structure are investigated further in Section 2.4. For a comprehensive review
on synthesis of nanoparticles and techniques for control of their shapes and sizes the readers

may refer elsewhere [22].
2.1.2 Particular need for ligands and prevention of premature sintering

The most important beneficial properties of nanoparticles can also result in problems.
The very high surface area to volume ratio of nanoparticles, results in very high surface
energies, which provides the critical advantage of low sintering temperature and pressure for
nanoparticles. However, this high surface energy can also cause aggregation and premature
sintering at room temperature before the intended sintering process inside an oven [31]. In
addition to the higher surface energy, the increase in surface interaction of smaller particles

can also cause adhesion and agglomeration among them [21, 27, 31].

This aggregation and premature sintering can result in formation of larger particles
before the intended sintering process, and therefore, reduce the high driving force of

nanoparticle towards densification, which is the main advantage of nanoparticles [6], in
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addition to their low sintering temperature. Moreover, this premature sintering can reduce the

shelf life of nanoparticle paste, which is another processing issue for the industry.

To prevent the premature sintering, different approaches have been investigated by
researchers [6]. However, the most commonly used technique is addition of organic ligands
into the silver nanoparticle paste [27, 32]. In this technique, the ligands normally have a polar
acid function at one end and at the other a hydrocarbon chain [27]. In this scenario, the polar
acid can attach to the hydrated silver nanoparticles and result in surrounding of nanoparticles
by the hydrocarbon chain, which can then prevent the premature sintering [27], see Figure 2.1

below.

Organic Ligands

Figure 2.1: Schematic representation of a nanoparticle coated with organic ligands for
prevention of premature sintering.

32



2.2  Sintering mechanism of nanoparticles

The general definition of sintering refers to the process in which smaller particles are
heated to enable their bonding by atomic movements at their interfaces, which will result in
formation of a coherent and mainly solid assembly [21]. This definition mainly relates to the
process at macroscopic level, where solid structures are produced by application of heat and
sometimes pressure on powdered materials. However, at the microscopic level sintering
refers to bonding of two similarly sized particles by neck formation at their contact point,
while the general term referring to formation of larger particles at the expense of smaller
particles at microscopic scale is called coarsening. Therefore, only in this section the process
of producing larger particles by heat treatment of initially smaller ones will be refer to as

coarsening, and sintering will refer to its microscopic meaning.

Coarsening at the microscale includes coalescence, sintering and grain growth [31].
During a heat treatment of particles, e.g. micro or nanoparticles, all of these processes can be
present at any particular time and contribute to the formation of the larger particles. However,
although the main driving forces of these mechanisms differ, the contribution and influence
of each of them is predictable [31]. Therefore, by control of their individual driving forces
one might be able to achieve production of desired structures through the coarsening of finer
particles [31]. Each of these three mechanisms will be described in more detail in the
following subsections. Furthermore, as the densification and shrinkage of the bulk structures
can be dependent on each of the three main mechanisms, there will be a separate subsection
dedicated to the shrinkage and densification as a result of all mechanisms of coarsening

combined.

Investigating the coarsening mechanisms requires extra attention for this project, as the
current theories normally explain behaviour of microscale particles, and in some cases the
behaviours at nanoscale can vary [31]. Therefore, efforts have been made here to highlight
the expandability of each mechanism into nanoscale, and also provide examples of

mechanisms where such differences exist.

Furthermore, it should also be considered during the studies on coarsening mechanism
that the final structures produced by the silver nanoparticle pastes will be dependent on many
factors. Some of these factors include formulation of the paste, size of the particles and their

purity, processing temperature, applied pressure, treatment technique, joint thickness,
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metallization, and metallization roughness, which would all complicate the sintering process.
Therefore, current theories may not be able to fully explain the full practical behaviour, but
by understanding the key available theories of the coarsening mechanism, the performance of
the investigated materials can be better understood and examined, which has been attempted
in Chapter 3.

2.2.1 Coalescence

Coalescence can be defined as absorption of smaller particles by larger ones without
formation of a neck between them, see Figure 2.2 below. While it can be argued that inside a
normal sintered silver paste the small size range of silver nanoparticles may reduce the
possibility of coalescence, depending on the manufacturing process, inhomogeneous heat
distribution inside the paste during a heating process can result in formation of larger
particles, which can then absorb the smaller nanoparticles. Therefore, understanding

coalescence can still provide a better view of the whole coarsening mechanism.

‘ G= )2
O

Figure 2.2: Coalescence process, where the smaller particles are condensed onto the larger
ones.

The main driving forces for coalescence are reduction of surface energy by increasing
the volume to surface ratio and elimination of high curvatures of the smaller particles, where

atoms have higher energy relative to flatter surfaces of larger particles.

A simple equation for coalescence can be derived by making the assumption that the
only contributor to change in size of particles is mass diffusion into them. As a result of this
assumption and by postulating that solubility of the particles would obey Kelvin equation
[33], Equation 2.3 can be derived by solving the Fick’s first law for describing the

coalescence’s mechanism [31]. This equation is the same as the Ostwald ripening model [34].

r3—rd=——t 2.3
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where r is the particle’s radius, p, is the vapour pressure of a particle on a flat surface, M is
molar weight, D is the diffusion coefficient, p is the density, T is the temperature, y is surface

energy, and R is the gas constant.

The equation above describes how larger particles undergo enlargement at the
expense of smaller particles, where the original radius of the larger particle, r,, will expand to
r after period of time t has elapsed, see Figure 2.2. One important attribute of coalescence,
unlike the other two mechanisms of coarsening, is its insignificant contribution to
densification, while it results in reduction of dissimilarities amongst particles sizes, allowing
further sintering to occur. These two points will be clearer in Subsections 2.2.2 and 2.2.4

respectably.
2.2.2 Sintering

The basic driving force of sintering is the same as that of coalescence, while the main
differences between them are the source of material and the mass transportation’s sinks [31].
The most important feature of sintering is formation of a neck between the two particles
sintering together, which will act as the sink for mass transportation. That is why sintering

normally occurs between two similarly sized particles.

Moreover, the neck formation is the main local driving force for sintering, which is a
consequence of the convex curvature of the neck, where the radius of the curvature is
negative and atoms inside a convex curvature have more neighbours and are more stable
compared with atoms on a concave curvature. Therefore, atoms of the two particles will
travel through their volume and surface towards the negative radius of the neck enabling
further sintering between the two particle, see Figure 2.3 below. This behaviour can also
expand to movement of grain boundary at the neck between the two particles towards
relatively higher curvature. This is again due to faster movement of atoms on the smaller

particle, having higher curvature, towards the neck, where the atoms are more stable.
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Figure 2.3: Schematic representation of sintering between two particles and formation of a
neck, which acts as a sink for material’s transfer.
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This sintering mechanism has been studied at micro- and nano-scales and the
comparison showed very interesting results [35]. The facts mentioned above on the sintering
mechanism has been experimentally observed and widely accepted at micro-scale scenarios,
but in some special circumstances at the nanoscale there exist new phenomena. One
interesting example showing that the sintering behaviour does not obey the classical theories
at the nanoscale is shown in Figure 2.4 below. In this arrangement the grain boundary travels
towards convex curvature instead of concave. However, in the same study in a two particle

system the nanoscale particles did obey the classical rules [35].

Micro

Initial ] ; ) +‘ ) !

+ + ‘mp+ + +

Nano

Figure 2.4: Comparison between sintering at micro- and nano-scales at progressing
stages. The middle particle has half the radius of the others. Adapted from [35].

Another interesting point related to sintering of nanoparticles is their dependency on
the lattice alignment between the two sintering particles. If the two particles have aligned

lattice interfaces the diffusion routes contributing to neck growth can be reduced [36]. In this
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scenario, the volume and surface diffusion mechanisms can be slowed significantly and the
main mechanism of sintering can only be condensation of atoms in vapour form. Therefore,
the sintered particles with aligned interfaces will not be strongly sintered [36]. Figure 2.5
below compares the sintering of two nanoparticles with and without aligned interfaces.

Without

Figure 2.5: Comparison between sintering of two nanoparticles with and without aligned
interfaces at progressing stages. Orange indicates diffusing atoms, while light blue indicates
condensed atoms. Adapted from [36].

2.2.3 Grain growth

Grains are formed after groups of particles are aligned into a single body. There are
different mechanisms contributing into growth of grains, but the main contributors are
evaporation-condensation, surface diffusion, and volume diffusion [21], see Figure 2.3 above
with interpretation of particles as grains). An important difference between sintering and
grain growth are the sink of materials, while their main driving forces still remain the same as
coalescence [31]. For grain growth the sink of materials are the grains themselves, unlike the

formed necks for sintering.

It is now generally accepted and also experimentally proven that classical theories do
not apply to grain growth at nanoscale scenarios [21, 31, 34]. In addition, at nanoscale even
small external factors can have significant effects on the grain growth mechanism. For
example, impurities inside nanoparticles can have a significant effect on grain growth [37].
Furthermore, some researchers have also stated that the grain growth mechanism should be
divided into different segments in order to produce a more accurate model of each segment
separately [31]. As a result of all these factors, presenting a complete model for the utilised
silver nanoparticle paste would be complicated and not particularly illuminating. Therefore,
here two important models describing the mechanism of grain growth will be mentioned to

produce a general understanding of the grain growth mechanism. In one technique the rate of
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change of grain size has been modelled, and in the other model, the actual grain size can be

predicted after a specific period of time.

To investigate the rate of grain growth, it can be assumed that there exist three main
contributors to grain growth [21]. These three main parts correspond to the same three main
mechanisms of grain growth. By assuming that their contributions are independent of each
other, they can be added linearly in this model, shown in Equation 2.4 below [21]. The three
main contributing mechanisms are signified in the equation using subscripts of “E-C” for
evaporation-condensation, “S” for surface diffusion, and “V” for volume diffusion. In this
technique the difference between curved and flat surface pressures have been assumed
minimal, which can potentially make the model imprecise for nanoscale particles, for which
one of their important characteristics is their high surface curvatures. However, after the
initial sintering process and formation of silver grains, this equation might apply to the grain
growth mechanisms.

dr

E - (KE—C' SE—C + KS' SS + KVSV)H 24

where % represents the grain growth rate, S’s are system related constants, K _ is another

constant representing the mobility of grain boundary in a “E — C” diffusion mechanism, K
and K, are constants representing the surface mobility of the grain as a result of surface
diffusion and volume diffusion mechanisms respectively, and H is the mean curvature of the
grain surface. As this model requires much background information about the system and its
diffusion mechanisms, integration of this model into experimental studies, especially the

complicated scenario of sintered silver, remains very time consuming and difficult.

The second model is known as the “generalised parabolic grain growth model”, and
can be used for both micro- and nano-scale scenarios. The model is expressed in Equation 2.5
below, which predicts the grain radius r at time t [31, 37], and has been utilised in Chapter 3

for understanding the mechanism of sintered silver’s grain growth at high temperatures.
Ty —To" =kt 2.5

where t is the elapsed time, 7, is grain radius at time ¢, r; is initial grain radius, and n is a

variable, which can be adjusted to improve the model for each particular scenario. For

instance, for nanocrystaline silver it has been estimated as 3 [38], and also for diffusion based
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grain growth, which appears to apply to grain growth of sintered silver nanoparticles in this
research, the mechanism can be generally best fitted by the same value [37]. Finally, k is a

constant for grain growth, and the proportionality relation below can be applied to it [38]:
k o e @/RT 2.6

where R is the ideal gas constant, Q is the activation energy for grain growth, and T is the
temperature. In addition, by plotting the natural logarithm of k against 1/T, the value of Q can
be calculated from the slope of the graph. This equation has also been used in Chapter 3,

where deviations from these classical sintering models are discussed.
2.2.4 Shrinkage and densification

The mechanism of shrinkage and densification can be dependent on many different
factors. Some examples of processing conditions, which can affect the rate of shrinkage and
densification, are constraint or free sintering [21, 18, 39, 40], sintering temperature profile
[18, 39], especially in presence of organics [18], external pressure [41, 42], interface
alignment of the particles [31, 36], and presence of confined vapours, normally from

decomposed organics inside the structure [43].

Because of presence of many different factors affecting the densification and
shrinkage mechanism, producing a complete model of the whole process is challenging.
Therefore, some researchers have attempted to produce mathematical models of these
phenomena by simplification of the problem by considering only one or two contributing
factors at a time. Therefore, a complete model to fully predict the behaviour of a complicated
process, such as the process studied here, is not available currently. However, some
researchers in the studied field have tried to investigate the densification and shrinkage of the

silver nanoparticle paste by empirical routes, which will be described later in this subsection.

One important example of a simplified model is the general classical densification
mechanism of two sintering particles with the same sizes. This model is shown in equation

2.8 below and has been found to be in good agreement with sintering of nanoparticles [31]:

3
(ﬁ) _ g Dasvsh@d, 2.8
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where L is the distance between the centres of the two particles, r is the particles’ radius, Dsp
is the grain boundary diffusion coefficient, y; is the particles’ surface energy, h is the thickness
of the diffusion volume, £ is the atomic volume, k is the Boltzmann constant, T is temperature,

and t is time.

To provide practical information for understanding the densification and shrinkage of
the silver nanoparticle paste, the empirical techniques appear to provide the most direct and

potentially more beneficial contributions.

In one interesting study, the effects of pressure and temperature on densification of
silver nanoparticles have been investigated [41]. It has been observed that densification
during the sintering process does not depend strongly on the applied pressure, but by rapid
heating to the desired processing temperature densification can be promoted. This point only
applies to “very fine grains” according to the author, who utilised 2 - 40 nm particles. It
should also be noted that no ligands were used for their nanoparticles. Therefore, their

observation may not entirely apply to silver nanoparticle pastes utilised for the research here.

In another study the effect of organics and densification after removal of their vapours
has been investigated in more depth [18]. It has been observed in their study that thickness of
silver paste, which has been acquired from the same company, NBE Tech LLC, shrinks by
40% during evacuation of the organics vapours from the systems. Subsequently, after
combustion of some ligands, the nanoparticles start to sinter and densify, resulting in a further
10% shrinkage of the original thickness. This interesting study has been considered for
preparation of the samples in Chapter 6, where the shrinkage of the initial paste had a crucial
role on the final die attach properties. Another interesting finding of this paper provides
insight into preparation of improved processing temperature profiles. They argued that the
removal of ligands at early stages of the heat treatment can allow surface diffusion amongst
the nanoparticles and prevent densification. To prevent this, the ligands should be removed at
temperatures higher than 150 °C, which would then enable further shrinkage of the thickness
by the mentioned 10%.

Another exciting technique used for establishment of denser sintered silver structures
has been utilisation of a “trimodal mixture system” [1]. In their silver paste system, the
researchers have utilised three difference size ranges with average diameters at 20.2, 58.5,
and 168.0 nm. In this scenario, the smaller nanoparticles would fill the pores between the
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larger particles and help to densify the structure. This study will be mentioned in more detail

in Section 2.4.
2.3 High temperature behaviour of sintered silver nanoparticles

After the sintering and establishment of the die attach structure, it is important to
understand the behaviour of the sintered structure during operation at high temperatures. The
sintered silver behaviour and interactions at high temperatures can determine its suitability
and long-term reliability. Therefore, the active mechanisms at high temperatures should be
investigated for better understanding of the sintered silver behaviour.

An important active mechanism at high temperatures is diffusion of atoms inside a
material. The diffusion mechanism after the sintering process can result in many different
effects on the sintered structure. For example, the diffusion can change the shape of the
sintered structure, known as microstructural evolution, and it can result in mixture of silver
atoms from the die attach with the materials from the metallization. Any of these diffusions
inside a die attach structure can change its mechanical properties, so it is very important to
understand their effects on long-term reliability of the die attach materials. These effects can
be much more severe in sintered silver nanoparticles, due to presence of many grain and twin
boundaries inside them [44], see Figure 2.6 below. The high concentration of grain and twin
boundaries can increase the speed of diffusion and enhance its effects. The main diffusion

paths are lattice, surface, grain boundary, and twin boundary. Contributions and mechanism

of each of these diffusion routes will be further investigated in the next subsection.

DR\

Twin boundaries

Grain boundaries

Figure 2.6: High-resolution transmission electron microscopic images of grains inside
sintered silver nanoparticles, showing grain and twin boundaries inside the structure.
Adopted from [44].
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After investigating the diffusion inside sintered silver, understanding its particular
contribution to high temperature microstructural evolution of sintered structure could be
beneficial. By studying the grain growth mechanism inside the sintered silver structure, an
important part of the microstructural evolution was investigated in Subsection 2.2.3.
However, another important aspect of microstructural evolution is that at high temperatures
silver grains can evolve into more energetically favourable shapes by minimising their
surface energy through reducing their surface to volume ratios, see Figure 2.7 below. This
shape evolution of silver grains is another aspect of microstructural evolution at high
temperatures, and it might provide useful information on the predictability of its high
temperature behaviour. Therefore, the high temperature shape evolution of sintered silver
grains may provide useful information regarding its stability and reliability as a high
temperature die attach. While empirical investigations of the microstructural evolution and
high temperature reliabilities can be very time consuming and costly, understanding and
modelling the underlying mechanism surrounding the microstructural evolution can be an
easy and cheap technique. Therefore, in Subsection 2.3.2, the high temperature shape
evolution of silver grains will be investigated theoretically.

<

Figure 2.7: Example of shape evolution at high temperatures for reducing the surface to
volume ratio.

2.3.1 Diffusion inside sintered silver

An important objective of this research is to understand the suitability of sintered
silver nanoparticles as high temperatures die attach materials. Therefore, two important
aspects of a die attach material operating at high temperatures should be investigated. One
characteristic is its behaviour at high temperatures, and the other is the interaction with its
surroundings. The behaviour of sintered silver at high temperatures would rely mainly on its
self-diffusivity, and its interference with its surrounding will be strongly dependent on its
diffusivity inside the die and substrate’s metallization and vice versa. Therefore, it is very

important to understand diffusion inside sintered silver.
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Diffusing atoms inside structures of materials can mainly go through three routes,
lattice, grain or twin boundaries, and surface. Inside a sintered silver structure, due to
presence of many grain and twin boundaries [44] and extensive external surfaces, the
contribution of grain and twin boundaries, and surface diffusions is considerable, see Figures
2.6 and 2.8, where presence of much twin and grain boundaries and internal free surfaces are
shown. The speed of the diffusion along such routes are much faster than the diffusion
through the silver lattice. For example, diffusion of gold atoms through the silver lattice is
about 1.9 x 1022 m?/s [45], which is slower than diffusion along the grain boundaries and
surface by 5 [46] and 14 [47] orders of magnitude respectively. In addition, while there is not
much information on the effects of twin boundaries on the diffusion of materials inside
sintered silver structures, there have been examples of diffusion along twin boundaries being
faster than lattice diffusion as well [48].

W ..

Figure 2.8: Scanning Electron Microscopic images of sintered silver nanoparticles. (a)
Without a die on top (adopted from [49]), and (b) cross-section of sintered silver under a
die (adopted from [23]).

The lattice diffusion of silver atoms inside the sintered silver nanoparticles’ structure
should remain similar to lattice diffusion in other silver materials. On the other hand, the
grain boundary diffusions inside structures utilised in this research need to be calculated and
investigated for the particular grain boundaries of the sintered material. This is due to the fact
that grain boundary diffusion is sensitive to the chemical composition and structure of the
grain boundaries [50], so that the values are different for each grain boundary structure.
Similarly, surface diffusion on the sintered silver structures could potentially be affected by
contamination from the silver paste, which contains many different organic compounds (see
Table 2.1 as an example), which could reduce the speed of surface diffusion in comparison
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with the diffusion on clean surfaces. As a result of the possible slowdown of surface

diffusion, literature values cannot be relied on and it needs to be experimentally determined.

Understanding the mechanism of diffusion inside the sintered silver structure provides
insight into the effects of possible interactions of sintered silver with the metallization of the
die and substrate, as well as its interactions with its surrounding environment, especially at
high operating temperatures. For example, by understanding the diffusivity of copper or gold
inside sintered silver and their effects on its structure, more refined decisions on utilization of
the gold or copper metallization can be made for sintered silver die attach. Therefore, a
simple technique for investigating diffusion coefficients inside different materials will be
briefly studied in this subsection, while further investigations on the particular sintered silver
structures used in this research will be performed in the subsequent two chapters. Chapter 3
will include further discussions and analysis on the surface diffusion and its effect on grain
growth of sintered silver, and Chapter 5 will include calculations of grain boundary diffusion

and its consequence on potential unsuitability of the utilised gold metallization.

Due to limitation on the available techniques and equipment for investigating the
diffusion coefficient of the materials inside the assemblies investigated in this work, there is a

need to find a suitable and applicable method. One interesting technique for calculation of

diffusion coefficient is utilisation of the Boltzmann—Matano equation [51, 52] shown below.

In this technique the diffusion coefficient D can be calculated on a one-dimensional path
from the concentration profile of the diffusing material inside the diffused structure for the

diffusing period t.

fcc(r*) rdcC
D=-—-—m& 29

dc
2t (W)r:r*

where, r represents the point of equal concentration between the diffusing and diffused
materials on the diffusion path, C,,,, is the concentration at the original interface of the two
materials, and r* is the distance at which evaluation of D would be performed. This equation
is used in Chapter 5 to investigated the interaction between sintered silver die attach and the
gold metallization of the substrate. The concentrations can be measured using Energy
Dispersive X-ray (EDX) during TEM or Scanning Electron Microscopy (SEM). As this
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technique can only be applied on diffusion of a material inside another material, it is not

applicable to investigation of self-diffusion of silver atoms inside sintered silver.
2.3.2 Shape evolution of sintered silver grains

At high temperatures the self-diffusion of silver atoms inside a sintered silver
structure can result in massive internal structural changes. For example, sintered silver die
attach after high temperature storage at 300 °C has evolved into much coarser structures after

just 24 h on silver substrate [53], see figure 2.9.

Initial

500h

Figure 2.9: Microstructural evolution of sintered silver after storage at 300 °C. Adopted
from [53].

In this subsection a simple theoretical method for modelling such shape evolution of

sintered silver grains at high temperatures is presented.

The main technique utilised in this subsection is a modified version [54] of the
Lagrangian-Eulerian (ALE) method [55]. In this technique surface diffusion is considered as
the dominant factor in the shape evolution process, which is the condition applying to the
sintered silver material as well. As mentioned before, this is due to the fact that the diffusion
of sintered silver through the lattice or grain boundaries are about 14 [45] and 8 [46] orders of
magnitude slower than surface diffusion [47] in order.

Therefore, only considering the surface diffusion as the main driving force for
movement of atoms, the Nernst-Einstein relation [54, 56] and Boltzmann distribution [57]
can be used to develop Equation 2.10 below for the drift velocity of atoms v in a two

dimensional scenario [54, 56]:
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where Dy is the surface diffusion (m?/s), y is the surface energy (J/m?), Q is the atomic
volume (m®atom), kj is the Boltzmann constant (J/K), T is the temperature of the particle

(K), and K is the curvature at any point on the surface (1/m).

If the drift velocity of atoms is multiplied by the density of atoms on the surface X

(atom/m?), the atomic current j can be found according to Equation 2.11 below:

_ DsXsy 0 0K 0K

T axitay D 211

Furthermore, divergence of the current of atoms would be equivalent to the number of
atoms moving out of a unit of area per second. On the other hand, the velocity of the surface
perpendicular to any point on the grain, v,,, would be equal to the volume of atoms moving
out of a unit of area per second. Therefore, by knowing that the volume of atoms divided by
the atomic volume, 2, would be the number of atoms, the relationship below can be produced

for v,,.

_ DsXsyQ? 9%K 0K
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The equation above now models the movement of a grain surface towards a more

stable shape, i.e. circular shape for this 2D instance.
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Fig. 1. Number of publications per year wherein silver nanoparticles constitute a
significant proportion of the die attach paste. This graph is based on papers related to
die attach materials utilising silver nanoparticles in this review.

gap semiconductors in power electronics compared to Si devices can in-
crease the power density and switching speeds [1] when operated at
high temperatures, and in the aerospace industry the trend of reducing
aeroplane weight by reducing the cabling and getting the electronics
closer to the jet engine has been a key driver for research into high tem-
perature electronics. The operating temperature required for such ap-
plications can reach 300 °C or even 400 °C in some cases [2]. One
promising class of die attach materials, which can be used for such
high temperatures are based on the principle of solid-liquid inter-
diffusion bonding (SLID), but these systems can suffer from issues
such as rapid rate of reduction of mechanical performance as tempera-
tures increase [3].

Many researchers have been looking for alternative materials to
withstand harsh conditions and silver nanoparticle sintering has
attracted considerable interest [2,4-71]. The number of research papers
and patents [7] in this field has increased considerably over the past few
years, as shown in Fig. 1. One benefit of reducing particle size into the
nanoscale range is reduced melting and sintering temperatures [4],
which decouples the processing temperature from the operating tem-
perature [5]. This is a key advantage over non-SLID solders, where oper-
ating temperatures should not exceed 80% of their processing
temperature. This enables processing of sintered silver joints at much
lower temperatures (100-300 °C) compared to the melting point of sil-
ver (961.8 °C). Moreover, sintered silver can operate even at 300 °C with
homologous temperature of ~0.3, which is much lower than the homol-
ogous temperatures that solders are required to withstand at high tem-
perature applications. The other main advantages of silver are its high
thermal and electrical conductivities, with sintered silver having ther-
mal and electrical conductivities in the range 3 to 5 times higher than
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Fig. 2. Shear strength after sintering profile against the particle size distribution. The
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Fig. 3. Shear strength after sintering profile against the particle size distribution for
pressureless processing.

lead based solders [46], and also reasonable mechanical performance
for die attach applications [10].

While many publications address the use of silver nanoparticles in
die attach materials [4,5,11-70], only a few reviews have been produced
to investigate the results from the produced data in one place [2,6-10,
71]. Such reviews are however crucial for identifying the critical vari-
ables and their optimum values. Some of these variables are for exam-
ple, the sintering pressure, sintering temperature profile, type of
organic materials in the silver paste, size distribution of the particles,
metallisation on the devices and substrates that are to be attached,
and atmosphere in which the sintering takes place. This review aims
to find trends and relationships amongst the variables to help faster
identification of the most promising materials and processes. The re-
view addresses only papers in which the sintering material of the die at-
tach is made out of silver and has significant proportion of
nanoparticles. Other approaches using Cu and Ni nanoparticles to
form joints will not be included.

This review contains three main sections. Firstly, the shear strength
of die attach materials, which is the main test for investigating the me-
chanical performance of the sintered joints, will be investigated. This
section will summarise the information that the authors consider
most critical, such as the performance of sintered silver on particular
metallisations and the benefits and drawbacks of different porosity
levels. The second section reviews innovations which could resolve cur-
rent issues related to sintered silver die attach. In the third section, the
authors will summarise their findings and suggest potential routes for
future research.

2. Mechanical properties

The mechanical performance of sintered silver can be investigated
using shear strength analysis, which is the most common technique
for investigating mechanical performance in this field. Researchers gen-
erally perform shear strength tests after normal sintering, which is an
important analysis of the mechanical performance and the results will
be reviewed in the next subsection. Comprehensive data on shear
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Fig. 4. Average of shear strengths after sintering profile against the particle size
distribution for pressureless processing.
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Fig. 5. Shear strengths after sintering against processing pressure. These values cover all
the initial shear strength values presented in Table S1.

strength tests after or even during high temperature storage or thermal
cycling would also be valuable, but the same depth of data is not cur-
rently available. Nevertheless, the existing test data after high tempera-
ture storage and after thermal cycling will be investigated in the second
and third subsections.

It should also be noted that the shear strength measurement equip-
ment and other materials, such as the die or substrate used for these
shear strength measurements vary between publications and informa-
tion on whether the failure was associated with the die attach or other
materials is also not always present. Therefore, in order to make prog-
ress, it has been assumed that the shear strengths provided by the au-
thors are associated with the die attach. In addition, in order to
increase clarity, only the highest strength, or the optimised strength se-
lected by their authors has been extracted. Furthermore, for some fig-
ures, where >15 references are present, they are not directly
mentioned to improve the visualisation and to avoid long lists of refer-
ences for each figure; please refer to Table S1 inside the Supplementary
information for the values and references used for figures in this section.

2.1. Initial shear strength after sintering

The easily controlled parameters of the sintering process are particle
size distribution, processing pressure, sintering profile, and the organic
components of the silver paste. While most researchers do not provide
the information regarding the organics inside the silver paste, the other
parameters will be investigated below.

Firstly, to investigate the effect of particle size on mechanical perfor-
mance of sintered silver, the sizes are divided into four main
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distribution ranges to slim down the very broad possibilities. The four
selected size distributions are nanoparticles with sizes mainly remain
below 50 nm in diameter, below 100 nm, mixtures of nanoparticles
with submicron particles, and mixtures of nano- and micro-sized
particles.

Fig. 2, shows the shear strength of different sintered joints, using
these four size distributions. As the sintering pressure remains a crucial
contributor in the sintering process, the sintering pressure (where
known) is shown next to each data point. As can be seen, no conclusions
can be drawn from the data, only the fact that there appears to be a di-
rect relation between the sintering pressure and shear strength. There-
fore, only data for pressureless sintering have been included in Fig. 3 and
averages for each size distribution in Fig. 4. There appears to be higher
mechanical strength for two main size distributions; below 50 nm and
nano + micro mix. The improved mechanical performance of smaller
size distribution might be due to the fact that smaller particle sizes
have higher driving force for sintering, and therefore, smaller particles
should sinter more effectively in absence of applied pressure. This fact
has also been pointed out by Ide (2005) [4], namely that by using
11 nm particles 4 times higher shear strength was achieved compared
to 100 nm particles, but it should also be noted that Ide (2005) [4]
used 5 MPa sintering pressure, and that the final sintered structure
from 11 nm particles was less porous.

The reason for higher mechanical strength of the nano + micro mix
be related to the denser final structures of these mixtures. For example,
Zhao (2016) [28] utilised a mixture of nano, submicron, and microscale
flakes and achieved about 12% porosity compared to 20% porosity typi-
cal of sintered silver. However, it should be also noted that for some ap-
plications the higher strength as a result of denser structures might not
be unequivocally beneficial due to increased stresses transferred to the
die as a result of Coefficient of Thermal Expansion (CTE) mismatches.

The next parameter to be investigated is the sintering pressure of the
process, as shown in Fig. 5. As was expected, higher sintering pressure
would normally result in higher shear strength of the sintered material.
The averages are also plotted in Fig. 6 for improved comparison. The
higher shear strength of zero sintering pressure compared to 0.36 and
0.4 MPa sintering pressures is related to intensive research and develop-
ment of pressureless processes, which have enabled improvement over
small sintering pressures. The slight decrease to shear strength for
sintering pressures higher than 7.5 MPa have also been seen before by
Li (2015) [40]. At 300 °C sintering temperature, increasing pressure re-
sulted in increasing shear strength up to 11 MPa sintering pressure, but
between 11 and 15 MPa a decrease in strength was reported. Different
factors may have contributed in this effect. One possibility could be
that high sintering pressures may prevent release of decomposed

5 6 7.5 10 12

3 35

Processing Presssure (MPa)

Fig. 6. Average of shear strengths after sintering against processing pressure.
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Fig. 7. Shear strength after sintering profile against the highest sintering temperature.

organics from the die attach. Another possibility is that higher densifica-
tion due to sintering pressure may prevent easy penetration of oxygen
inside the sintered structure during sintering, reducing effectiveness
of sintering and compromising the overall mechanical connection.

To compare the effect of different sintering profiles the highest
sintering temperatures is used as the defining characteristic of the pro-
file, as sintering profiles have different dwell periods at different tem-
peratures, which would make the comparison harder, and the lower
dwelling temperatures are normally just for decomposition and remov-
al of organics. However, no direct relationship between the sintering
temperature and shear strength of the die attach materials have been
observed, see Figs. 7 and 8. This has also been observed by Sakamoto
(2011) [58], where shear strength of sintered silver nanoparticles was
found to be similar for sintering temperatures of 160, 180 and 200 °C
for 60 min under a load of 0.07 MPa.

The data for pressureless sintering only has been extracted and plot-
ted in Fig. 9 with the sintering duration at the highest sintering temper-
ature recorded in minutes next to each data point. Again no correlation
between the data has been observed. The shear strength of pressureless
processing at 275 °C has also been investigated for different sintering
durations in Fig. 10, and again no correlations are observed. It should
be noted that while for a given paste, the sintering duration should
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make considerable differences, that for different pastes, which have
each been optimised by their producers for their constituents, the
sintering temperature should not necessarily have a consistent trend
unlike the trends observed for processing pressure. For example,
Wang (2015) [25] demonstrates an increase in the shear strength of
the die attach from 10 MPa to 25 MPa by increasing the sintering tem-
perature from 220 to 250 °C. However, Wang [25] have also pointed
out that from 250 to 270 °C sintering temperature there was no further
increase. This effect appears to indicate a temperature range within
which no additional sintering or significant microstructural evolution
is happening. However, at even higher temperatures considerable
coarsening and evolution inside the sintered silver has been observed
[66], very likely affecting its mechanical properties.

In addition to the parameters affecting the final sintered structure,
the contact metallisations should also play a critical role on the mechan-
ical performance of the die attach. Therefore, the average of shear
strengths on different metallisations for general sintering processes
and pressureless sintering have been presented in Figs. 11 and 12
against three kinds of substrate metallisations. As can be seen, there ap-
pears to be slight advantage on Ag metallisation especially for a pres-
sureless processes. However, this higher shear strength on silver
metallization is small and therefore should be treated with caution.
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Fig. 8. Average of Shear strengths after sintering plotted against the highest sintering temperature.
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Fig. 9. Shear strength after sintering of pressureless processes plotted against the highest sintering temperature. The number next to each data point is the dwell time in minutes at the
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Furthermore, according to Zhao (2012) [46], shear strength of The relationship between the die size and shear strength is of in-
sintered silver die attach increased with increase of bond-line from terest. Therefore in Fig. 13 the average shear strength against the
4.1 MPa at 9 um to about 22 MPa at 20 pum bond-line. However, the utilised die sizes have been plotted. Very interestingly, in contradic-
shear strength remained almost constant afterwards. These results tion to the generally accepted theory there appears to be no direct
were obtained with the nano + submicron particles and silver flake relationship between the die sizes and shear strength. Therefore,
mix. These results may indicate that a potential minimum edge area
to die size ratio is required for penetration of oxygen into the system

to facilitate decomposition of organics and effective sintering. Pressureless Processing
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Fig. 10. Shear strengths after sintering plotted against the dwell time with peak sintering
temperature 275 °C. The values next to each data point is the die size in mm squared.
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Fig. 14. Shear strengths after sintering plotted against publication year.

sintered silver, if the sintering profile is selected correctly to remove
the organics at the right time and enable strong sintering process, is
independent of size.

Initial shear strength (MPa)

Fig. 15. Shear strengths after sintering plotted against publication year and die size.

The shear strength as a function of publication year has been plotted
in Figs. 14, 15 and 16, showing the developments in the past decade. Itis
interesting to note that there does not appear to be any overall increase
in strength shown in Fig. 14 over the past decade, indicating that the
limit of shear strength may have been reached.

2.2. Shear strength after thermal aging

Fig. 17 is a summary of the shear strengths after high temperature
storage with data divided into different series sorted by metallization.
As can be seen from Fig. 17 different paste systems on silver
metallisations have reacted differently to aging. In-situ observation of
high temperature evolution of sintered silver indicated that the micro-
structure of sintered silver after a conventional sintering profile un-
dergoes rapid microstructural changes at and above 250 °C [66].
Therefore, the observed fast changes to shear strength could be related
to the fast changes of sintered silver microstructure at high tempera-
tures. While in most cases the shear strength of die attach increases
after high temperature storage at or below 300 °C, in some cases there
appears to be slight reduction to shear strength, similar to the results
of Lu (2007) [26].

On the other hand, shear strength of all die attach materials have re-
duced on Cu metallisation. Chua (2016) [48] observed that the Cu sub-
strate would oxidise before 24 h storage at 300 °C because of oxygen
penetration into the porous structure of sintered silver. According to
Chua (2016) [48], even Ag metallisation on a Cu substrate cannot pre-
vent oxidation of Cu substrate and there would be reduction of shear
strength as a result. The growth of a Cu oxide layer on DBC, Cu
metallisation, and Ag metallisation on Cu substrate, were all similar
for the initial 50 h storage at 300 °C, each growing to a thickness of
3-5 um. Pevsina (2014) [51] also reported that the shear strength on
Cu metallisation reduces at high temperatures due to oxidation of the
Cu and weakening of the die attach, which occurred at 350 °C. Therefore,
the drop in shear strength of sintered silver in Lu (2007) [26] data might
be related to Cu substrate oxidation as the metallisation was Ag/Ni/Cu
DBC.

For Au metallisation shear strength reduces [5], as a result of fast dif-
fusion of silver atoms towards the Au metallisation [5]. This phenome-
non has been used in a modified silver sintering process using a gold
mesh, to produce a thermally stable die attach material, which
remained stable for at least 100 h at 600 °C and 1000 h at 450 °C [43].
While exhibiting excellent stability, shear strengths of only ~2 MPa
were achieved, an order of magnitude lower than with conventional
sintering, although it is expected that optimisation of mesh parameters
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Fig. 16. Average of shear strength after sintering plotted against publication year.
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should result in more comparable shear strength [43]. This technique is
further discussed in Section 4.

2.3. Shear strength after thermal cycling

Comparing the thermal cycling data presents difficulties due to the
different temperature ranges chosen by different groups. Nonetheless,
the acquired data has been plotted against the number of thermal cycles
in Fig. 18. There has been a lack of data on thermal cycling on a Cu
metallisation, but according to the observations on thermal aging on
Cu metallisation, it is unlikely that they can survive many cycles, and
this could be the reason for lack of data on their performance. However,
for the Ag and Au metallisation all the data indicates reduction of me-
chanical strength being in some cases minimal and in other cases signif-
icant, indicating the importance of other factors. Some sintering
parameters have been investigated in attempt to understand the contri-
bution of other parameters in thermal cycling lifetime, but due to lack of
available data about sintering parameters, such comparisons are prob-
lematic. Nevertheless, the data corresponding to lower sintering pres-
sure appeared to provide the best thermal cycling lifetime, with
minimal reduction to shear strength after 500 cycles, Sakamoto
(2012) [13]. For their sintering process they utilised 0.36 MPa of
sintering pressure, while other studies have sintering pressure of
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0 MPa or higher than 3 MPa. Therefore, it appears that a small sintering
pressure might be necessary to establish good contact with
metallisation and improved sintered structure before undergoing ther-
mal stresses, while higher sintering pressure might have disadvantage,
as this can densify the structure and exert higher thermal stresses as a
result of lower flexibility and lower compensation of CTE mismatch.
However, very surprisingly, unlike the mechanical performance after
high temperature aging, the thermal cycling on Au metallisation ap-
pears to be better compared to Ag metallisation. Considering the data
extracted from Bai (2006) [36] and Lu (2007) [26], the number of ther-
mal cycles performed on the Au metallisation was both higher and re-
sulted in smaller reduction of shear strength, indicating better
reliability. The reduction of shear strength on Au metallisation has
been associated with diffusion of Ag atoms towards the Ag/Au interface
and formation of large voids inside the sintered structure [5] at 300 °C,
but as the cycling data is acquired at a maximum of 250 °C, this effect
might not have been triggered. Therefore, it might be possible to
argue that the thermal reliability on Au would be better than Ag
metallisation for operating temperatures at or below 250 °C, and Ag
metallisation would be better for higher temperatures.

Another important point from Lu (2009) [38] data is that the
sintered silver, produced by 5 MPa sintering pressure, could only sur-
vive 300 cycles from —40 to 125 °C to reach half of its initial shear

® Ag, Sakamoto (2012) [13]

® Ag, Sakamoto (2012) [13] (Higher sintering temperature)
Ag, Sakamoto (2013) [14]
Kahler (2011) (18] (<100 nm)

@ Kahler (2011) (18] (Nano + Micro)

®Ag Lu 2007 [26]

@ Au, Lu (2007) [26]

@ Ag, Bai (2006) [36]

@ Au, Bai (2006) [36]

®Ag Lu (2009) [38]

®Ag, Lu (2009) [38] (Higher sintering pressure)

@ Zheng (2015) [44]

50 to 250 °C
@

6000 7000

Fig. 18. Shear strength plotted against number of thermal cycles. The number next to each data point indicates thermal cycling temperature range. The glow of some data points are added
to indicate presence of covered initial shear strength data of the same series with the same glow.
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strength of 35 MPa. However, the sintered structure, produced with
3 MPa sintering pressure, could withstand 800 cycles of —55 to
250 °C and reaching 10 MPa from 25 MPa [38]. Therefore, higher
sintering pressure can result in higher initial shear strength but less
thermal cycling lifetime, most likely as a result of densification and
loss of flexibility.

3. Innovative techniques:

There have been some interesting innovations by some researchers
to improve properties of sintered silver joints. These techniques can
be divided into two main categories; improving thermal stability or im-
proving mechanical performance, as explored in the following
subsections.

3.1. Improving thermal stability

3.1.1. Mesh interposer

Mesh structures, as shown in Fig. 19, have been introduced in a
solid-solid inter-diffusion technique to establish a thermally stable die
attach material [43]. In this technique, gold metallisation and a gold
mesh interposer was used with the gaps in the mesh filled with silver
nanoparticle paste. While the initial shear strength was lower than
that of conventional techniques, the resulting die attach was found to
suffer no reduction to shear strength during the extent of the trials;
1000 h at 450 °C and 100 h at 600 °C. By changing the wall design
from the design in Fig. 19(c) to the ideal scenario in Fig. 19(a) it is
claimed that the initial shear strength could be made comparable to
conventional sintered silver strength.

Sintered

silver
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Fig. 20. Mechanical performance of three different size distribution and some of their
mixtures. NPs refers to nanoparticles with average 20 nm diameters, NPy, refers to
58.5 nm average of diameters, and NP, has particles with average of 168 nm diameter [17].

3.2. Improving mechanical performance:

3.2.1. Mixture of three different sizes

Using a mixture of particles with average sizes of 20, 58.5, or 168 nm
gained the highest shear strength compared with their separate perfor-
mances [17], as seen in Fig. 20. However, this higher shear strength has
been caused by higher densification of this mixture, which might not be

40pm Electren Image 1

Fig. 19. Formation of a thermally stable die attach. (a) Concept after normal sintering profile. (b) Conceptual image after formation of inter-diffusion from die to substrate. (c) SEM image of
a practical sample stored at 450 °C for 24 h. (d) After 1000 h at 450 °C with minor diffusion of Ni inside the die attach [43].

61



S.A. Paknejad, S.H. MannanMicroelectronics Reliability 70 (2017) 1-11 9

Strength (MPa)

)20
Cu wire fracture at 16.8 MPa
BB — T L
= AgNP2OW
—O— AgNP oS
12} a
¥
gl )
= 60Sn'40Pb
commercial solder
0 L L L
50 100 150 200

Bonding Temperature (°C)

Fig. 21. Addition of silver nanowires for improved mechanical performance. (a) SEM image of mixture of nanoparticles and nanowires. (b) Higher mechanical strength as a result of

addition of nanowires [19].

beneficial for applications requiring high flexibility and relaxation of
CTE mismatch.

3.2.2. Utilisation of silver nanorods with nanoparticles

Addition of 10 wt% of nanowires to nanoparticles have resulted in
higher shear strength of the die attach compared with the simply nano-
particles’ system, as seen in Fig. 21 [19].

3.2.3. Start of sintering at high temperatures for higher densification

High current densities for fast heat up of silver nanoparticle paste
have been utilised to quickly decompose the organics inside the paste
and promote sintering at relatively high temperatures of >480 °C [30].
Sintering nanoparticles at high temperature would allow a densifying
mechanism to act and enable higher densification and as a result higher
shear strengths (Fig. 22). This technique produces many small voids,
which can be beneficial in relaxing the CTE mismatch, but comparison
with conventional techniques is required to demonstrate the potentially
better performance. However, this technique might be hard to imple-
ment for practical die attachment, and the authors only recommend it
for bus bar interconnects. However, if adopted for die attach applica-
tions it may bring many advantages. Mei (2014) [39] have also used
this technique and produced strong attachment of two bare copper
plates with sintered silver.

Sintering at densifying temperatures has also been achieved previ-
ously [62]. By using ligands (including 3% lignoceric acid and 10% poly-
vinyl butyral) with high evaporating temperatures, the nanoparticles
during thermal treatment are preserved up to 350 °C, which results in
start of sintering at densifying temperatures, driving grain boundary
and lattice diffusions, which are more effective in densifying the struc-
ture. This enables formation of a denser sintered structure compared
with nanoparticles protected by common ligands and highest sintering
temperatures of about 200-300 °C. However, this produces denser
structures with lower porosities of about only 5%.

120 )

100

40

Shear strength/MPa

20

0 500 1000
Current-on time/ms

1500

Fig. 22. Utilisation of high current densities for very short durations and establishment of
good mechanical strength [30].

3.2.4. Ultrasonic mixing during sintering

Placement of the hot-plate inside an ultrasonic generator (ultrasonic
cleaner) during sintering has resulted in a doubling of shear strength,
from 8 MPa to 18 MPa [12]. The increased shear strength was a result
of improved densification. In addition, this technique produced im-
proved wetting at the interfaces, and therefore, improved adhesion to
the die [12]. Some issues with this new technique remain, such as com-
plication of the manufacturing process and poor sintering at the edges.

4. Conclusions

« Many papers have been published on the utilisation of silver nanopar-
ticle paste for high temperature die attach, but they have utilised
many different parameters and in this review, a large volume of data
has been presented in one place in order to identify the most signifi-
cant parameters.

Higher shear strength achieved through higher densification may not
lead to higher practical reliability and warrants further investigation.
In particular, assemblies that survive the largest number of thermal
cycles do not correlate with those exhibiting the highest initial shear
strength.

Ag metallisation appears to perform better than Cu and Au
metallisation generally, but for application of thermal cycling below
250 °C, Au metallisation appears to last longer.

No relation between the sintering temperature and shear strength
could be observed, and therefore, the sintering profile should be
optimised for any particular system individually rather than aiming
for a particular target.

There appears to be higher shear strength in pastes containing parti-
cles with two size distributions; either below 50 nm or
nano + micron particle mix.

Application of processing pressure on sintered silver has a direct effect
on improving the initial shear strength by formation of denser struc-
tures.

Presence of Cu inside the substrate can reduce the reliability of the
system by Cu oxidation at high temperatures, mainly due to the po-
rous nature of sintered silver allowing ingress of oxygen, and Ag
metallisation over Cu cannot prevent the oxidation.

« There does not appear to be any overall increase in shear strength of
die attach materials utilising silver nanoparticles over the past decade,
indicating that the limit may have been reached, indicating potential
requirement of different approaches to overcome the current short-
comings of pure silver nanoparticle.

There exist some interesting techniques to improve the mechanical
performance of sintered silver die attach, such as utilisation of 10
w% of nanowires inside the silver nanoparticles, ultrasonic being ap-
plied on the system during sintering, and finally utilisation of high
current densities for initiating the sintering process at densifying tem-
perature.
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» Thermal stability of sintered silver was increased to 600 °C using a
solid-solid inter-diffusion technique.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.microrel.2017.01.010.
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Addendum to Section 2.4

Different authors have concluded different optimum results for paste materials
and processing conditions because of the large number of variables involved. Some of
these variables may not be reported in detail, for example, application method of paste
to the substrate and scrubbing motion when die is placed on paste, see Chapter 5.
Indeed, the lack of standardization, causing the variations and scatter in the reported
figures, such as the scatter in Figures 3 and 10, may itself be considered a major
conclusion of this section. Another complicating factor may be the fact that some
authors may have reported all their results and others only their best results, omitting
combinations that did not work well. Some conclusions are unaffected by these factors
because of very strong correlations observed, like the bullet point 6 inside the
conclusions, or because they are based on direct evidences from the referenced papers,
such as bullet points 2, 7, 9 and 10. However, bullet points 3, 4 and 5 may be affected by
these factors and should therefore be treated with caution, pending further

experimental trials.

Moreover, an important consideration for the conclusion recommending use of
Au metallisation for operating temperatures below 250 °C is that it is based on thermal
cycling data, and therefore, additional high temperature storage of sintered silver over
gold metallisation at this temperature is recommended for development of a firmer

conclusion.

Furthermore, please note that Table 1 of the supplementary data is provided

below.
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Table 1: Data obtained from references utilised for analysis in Section 2 of the review paper above.

Properties . . . After . . q
Paper Sintering profile Sty High temperature aging Thermal cycling
A Particle size - A l-hghe-st Sintering | Sintering Shear . Aging Aging Number o Shear
First Year o] Die Size Die Substrate sintering . Aging . shear Temperature cycle
N Reference (distribution or " o o duration pressure strength duration of . strength
author published (mm?2) metallization metallization temperature . temperature strength range (°C) duration
average) (min) (MPa) (MPa) (h) cycles (MPa)
(4] (MPa) (h)
225 10 1.77 50
S.Fu 2014 11 20 nm - 20 pm 100 Ag Ag 250 10 0 33.6
250 60 0 43.8
8.4
Y. Li 2016 12 nano to micro 100 Ag Ag 265 30 0
189
S 160 60 0.36 10 Almost
Sakomoto 2011 13 100 nm 4 Ag Ag 250 to -40 500 1 szggsm
200 60 0.36 11.5
250 to -40 1000 1 11.5
B 2013 14 100 nm 16 Ag Ag 200 60 0.4 11.5 180 to -40 1000 1 7.3
Sakamoto
180 to -40 500 1 7.3
30 0 11
K. Xiao 2013 15 100 Ag Ag 275
10 10 53.8
SA Ag Ag 11 300 500 16
e 2014 5 30 nm 6.25 295 18 0
Paknejad
Ag Au 22.5 300 500 12
0 12
16 w% 5 nm + 84 w% 350 25
400 nm
M. 1 32
Maruyam 2008 16
a 0 14
40 w% 5 nm + 60 w% 350 25
400nm
1 37
. Cu Cu 350 5 0 13.7
Y. Mixture 20, 59, and 168
Morisada 2Ot & nm
Cu Cu 300 5 0 13
<100 nm 15.5 14.5
J. Kahler 2011 18 230 2 12 30 to 250 50 0.033
nano + micro {785 17.5
50 to 100 nm + 20%
P. Peng 2012 19 NSRS ED D A0k Cu Cu 200 60 0 165
nm with 8 - 15 pm
length
Y. Yan 2011 20 <50 nm 1.6 Au Au 280 30 0 16.7
285 60 0 17.52
T. Wang 2007 21 121 Ag Ag
285 120 0 19.97
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200 120 20
H. Li 2016 22 Ag Ag 260 20 0 20
300 120 30
239
Q. Xu 2016 23 40 nm 81 Ag Au 275 30 0
7.8
200 0.5 24
S.Wang 2013 24 13 nm 0
200 20 60
WitV 2015 25 32.5 250 10 0 25
Wang
Ag Ag 275 10 0 300 200 26
25
G.Q.Lu 2007 26 Ag Ag 275 10 0 300 400 21 150 to -40 600 20
Ag Au 325 10 0 25 150 to -40 800 20
150 72 26.4
150 960 271
S.Y.Zhao 2015 27 <50 nm 182.25 Ag Cu 280 10 1.5 27.7
180 72 14.2
250 72 5.7
nano and sub-micro
S.Y. Zhao 2016 28 particles (105nm av.) 42.25 Cu 270 30 0 29
with flakes (4.8 pm av.)
Ag Au 30
C. Buttay 2011 29 8-12nm 7.29 285 60 6
Ag Cu 40
25 Ag Ag 484 0.01 10 34.3
G.Lu 2014 30
Ag Ag 484 0.01 10 85
Ag Au 320 60 35 35
N. Heuck 2010 31 576
Ag Au 320 60 0 6.2
C.B.
O'Neal 2016 32 9 Au Au 36
11 nm Cu Cu 300 5 5 40
E.Ide 2005 4 19.63
100 nm Cu Cu 300 5 5 10
A. Masson 2011 33 8-12nm 7.29 Cu 285 60 6 40
Y. Mei 2013 34 30 nm 100 Ag Ag 275 10 5 60
250 30 75 60
250 30 0 15
J. Yan 2016 35 about 40 nm 28.27 Ag Ag
200 50 36
250 30 2 34
250 50 40
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300 50 55
350 50 50
Ag Ag 300 40 0 43 250 to 50 4000 21.5
J. G. Bai 2006 36 30 -50 nm 2.38
Ag Au 300 90 0 Z5) 250 to 50 6000 12.5
36 Ag Cu 275 0 7.6
H.Zheng 2012 37
Ag Cu 275 12 77.4
275 10 3 23 300 200 26 250 to -55 800 10
275 10 3 23 300 400 20
G.Q.Lu 2009 38 Ag Ag
275 10 5 35 125 to -40 300 17
275 10 0 7
Y. H. Mei 2014 39 30 - 50 nm 25 97
J. Li 2015 40 9 Au Au 240 12 549
S. Seal 2015 41 50 nm av. 2.25 Ag Ag 300 45 0 17.4
100 Ag Ag 275 20 0 7.7
T.G. Lei 2010 42
Ag Ag 275 20 5 316
0 450 75 135
S.A.
. 2016 43 Au Au 0 450 1000 1.95
Paknejad
0 600 100 1.7
H.Zheng 2015 44 280 10 0 35 125 to -40 1000 30
14.44 Ag 250 0.16 10 125 to -40 2800 Failed at
F.Le
Henaff 2015 45
Au, or Cu 250 0.16 10 125 to -40 >6000 Passed
S.Y. Zhao 2016 46 20-200nmand1-5 121 Cu 270 30 0 23
um long flakes
Ag Ag 250 5 3 28
W. Guo 2015 47 20 - 80 nm (av. 40 nm) 28.27
Ag Ag 350 5 3 40
Ag Ag 17.5 300 1000 28
S.T. Chua 2016 48 10 - 20 nm 822 Ag Cu DBC 250 60 0 15 300 1000 85
Ag Cu 15 300 200 0
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3 Microstructural evolution of sintered silver at elevated

temperatures
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ARTICLE INFO ABSTRACT

Article history: Reduction in the sintering temperature of metal powders by lowering particle size into the nanoparticle range
Rece!ved 9 Feb(uaw 2016 hasresulted in a new class of porous sintered joining materials. Especially promising are sintered silver based ma-
Received in revised form 8 June 2016 terials which can be used to form bonds between wide-bandgap semiconductor die and circuit boards for use in
Accepted 8 June 2016

high temperature applications. This work shows that for these materials the exterior sintered silver surface oxi-
dizes preventing surface morphology changes, while the interior pore surfaces of the porous silver remain largely
oxide-free. These pore surfaces facilitate fast atomic movement resulting in grain growth and changes in the in-

Available online 14 June 2016

giﬁogrfé"mh ternal microstructure. Morphology changes in the temperature range 200-400 °C are presented both as statistical
Sintering averages of grain size and, uniquely in this type of study, by tracking individual pores and grains. It is shown that
Porous materials the internal structure will undergo changes during high temperature storage in contrast to the stable outer sur-
Ageing face. A new technique, utilizing the electromigration effect to check the relative surface mobility of atoms in the
SiIVE( nanoparticle paste interior pores and exterior surfaces was used to support the conclusions deduced from thermal ageing experi-
Bonding ments. Finally, we speculate that the stability of the exterior surface could be reproduced in the interior if the
chemistry of the paste was altered to allow formation of a passivating layer on the interior pores during the
final stages of the sintering process, resulting in formation of a stable die attach material for applications of up

to 400 °C, for which there is an urgent need.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction mechanical, electrical and thermal properties [4-9] as well as the

The operating temperature of electronic materials in hybrid automo-
tive, aerospace, space exploration, and deep oil and gas exploration can
reach 300 °Cand beyond [1]. Current high temperature die attach mate-
rials such as high temperature solders or Solid Liquid Inter-Diffusion
(SLID) bonding materials suffer from high homologous temperatures
and Pb content in case of high temperature solders or rapid reduction
in mechanical strength by increase in temperature in case of SLID sys-
tems [2]. Therefore, there is a requirement for new joining materials
that can be processed at low temperatures but that retains joint
strength at high temperatures.

One of the potential solutions involves utilization of the unique
properties of nanoparticles. By reduction in particle size, the ratio be-
tween surface area and volume increases, contributing to a rise in sur-
face energy and a melting point that is considerably lower than that of
the bulk material [3]. For example, in the case of silver the melting
point of bulk silver is 961 °C, while melting point of 2.4 nm silver parti-
cles is 350 °C [4]. This feature of nanoparticles has been researched in
the past decade in order to decouple the processing temperature from
operating temperature of high-temperature electronic packaging mate-
rials, with silver receiving special interest because of its desirable

* Corresponding author.
E-mail address: sa.paknejad@kcl.ac.uk (S.A. Paknejad).

http://dx.doi.org/10.1016/j.microrel.2016.06.007
0026-2714/© 2016 Elsevier Ltd. All rights reserved.

noble metal nature of silver that prevents excessive oxide formation.
In this case, the attachment or interconnects can be formed at consider-
ably lower temperatures than the melting point of the bulk material
which determines the ultimate operating temperature. The high surface
energy available and noble metal surface of silver also allows sintering
to take place without pressure being placed on the die; an added benefit
for manufacturers, but one which leads to the final sintered structure
containing 20-30% of pores.

Although many studies have been performed on the sintering be-
haviour of nanoparticles [10,11], and also the mechanical properties of
their sintered structures [8,9,12,13], there exists few detailed studies
on the high temperature behaviour and stability of sintered silver at
temperatures above 300 °C as a high temperature die attach (excepting
[14,15]), while previous studies below 300 °C concentrate on bulk me-
chanical properties and statistical averages of microstructural proper-
ties [8,9,16-20]. In the present work, we determine the nature and
speed of microstructural changes in sintered silver throughout the
200-400 °C temperature range and investigate the atomic migration
mechanisms that lead to these changes. Tracking of changes in individ-
ual grains and pores is found to be complicated by the fact that any ex-
posure of the internal pore surfaces to air leads to rapid oxidation and
freezing of the microstructure in its original state, similarly to the orig-
inal exterior surface of the material. Therefore, we have utilised optical
microscopy and a glass substrate to prevent the internal pore surfaces
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from oxidizing while enabling in-situ observations to take place. These
microstructural changes would in most cases lead to unreliability and
weakening strength [9,17-19] so that these studies are an innovative
technique for understanding long term mechanical reliability and
strength preservation of sintered silver for applications in the range
200-400 °C.

2. Experimental

In these studies, two commercially available silver nanoparticle
pastes produced by NBE Tech under the names of NanoTach® X and
NanoTach® N have been utilised. NanoTach® N is recommended for
small size die of 3 x 3 mm, while NanoTach® X is recommended for at-
tachment of 10 x 10 mm die in a pressure-less sintering process. The
composition of NanoTach® X is shown in Table 1 below. The assemblies,
listed in Table 2, were all sintered using the recommended temperature
profile from the paste manufacturer under zero applied pressure.

In a previous study [19], samples were cross sectioned after
sintering, and aged at 300 °C for 24, 100 and 500 h to track properties
such as porosity and average pore size. In that study the evolution of in-
dividual pores and grains could not be tracked continuously. In the cur-
rent experiments, in order to track changes occurring inside the
sintered silver microstructure and investigate them continuously, sam-
ples were assembled by manual deposition of the NanoTach® X paste
onto glass slides followed by placement of approximately 150 pm
thick, 10 x 10 mm Menzel-Gldser cover-slips on top of the paste. To in-
vestigate the grain growth mechanisms of the sintered silver, these
samples have been placed on a cartridge heater at 250, 300, 350 and
400 °C and the grain evolution has been observed in-situ for up to 7 h
using an optical microscope (See Fig. 1), while one sample has been
placed inside a furnace at 200 °C for 5 h. This experiment is referred to
as sample set 1.

Observation of high temperature behaviour of sintered silver struc-
ture through the cover-slip provides information on microstructural
changes similar to those occurring inside non-sectioned samples
which have not been exposed to air. The presence of the cover-slip
planarizes the initial microstructure and may affect parameters such
as local porosity. However, comparison with samples that have been
aged at 300 °C and then cross-sectioned [19] show qualitatively similar
results indicating that the same mechanisms are active. The optical im-
ages were then analysed using Image | 1.46r coupled with the image
processing toolbox in Matlab with a methodology [21] that allowed
the microstructural evolution of sintered silver at high temperatures
to be studied statistically (e.g. average grain size). In this method the op-
tical images of the sintered structures have been segmented using an
Image ] predesigned function to separate the grains and their sizes
have been measured using Matlab to calculate the average grain sizes.

The second set of samples was prepared by deposition of the paste
into wire shaped gaps with approximate dimensions of 1 mm by
1 mm cross-section and 3 mm length for the first sample and approxi-
mately 150 um by 150 um cross section and 4 mm length for the remain-
ing samples of this set. The first sample was stored at 300 °C in air and
the remainder were stored at 300 and 400 °C inside a vacuum of
5 mPa and at 450 and 500 °C in air to study microstructural evolution
of the free surfaces.

Table 1

NanoTach® X composition.
Components Weight percent
Silver 70-85
Silver oxide 0-10
Cellulose 1-8
Alpha terpineol 5-20
Menhaden fish oil 0-2
Isopropanol <1
Ethanol <1

Table 2
Sample sets.
Sample  Purpose of experiment Paste type and
set no. surface dimensions
1 Observation of microstructure evolution on a NanoTach® X
surface not exposed to air using optical 10 x 10 mm x 100
microscope. pm
2 Observation of exterior surface evolution under NanoTach® X
different atmospheres using SEM. 150 x 150 um x 4
mmand1x1x3
mm
3 Observation of interior microstructure evolution ~ NanoTach® N
after cross sectioning using SEM. 2.5x 2.5 mm x 30
um
4 Observation of exterior surface evolution after NanoTach®
acid cleaning using SEM. Xr=2mm
5 Comparison of exterior and interior atomic NanoTach® X
migration patterns during electromigration using 175 x 175 x 812
SEM. pm

The third sample set consisted of a single sample selected for
thermal ageing after being first cross sectioned and polished in an
attempt to observe evolution of the interior of sintered silver
continuously. After the sintering step using NanoTach® N followed
by cross sectioning, the sample was mounted using a hot mounting
resin (LevoFast) from Struers, which consisted of melamine with
minerals and glass filler. The sample was mechanically polished
using successively finer grades of silicon carbide cloth before final
polishing with water based suspensions of 3 and 0.25 pm mono-
crystalline diamonds. The hot mounting resin was selected to
withstand high temperature storage. The assembly was stored at
300 °Cin air in an oven for 1, 4, 5, and 20 h consecutively (30 h in
total), and observed under a Scanning Electron Microscope (SEM)
to track changes.

The fourth set of samples was prepared by sintering of the
NanoTach® X paste inside glass sample holders, which were
designed for surface cleaning of the samples by perchloric acid
(effective for removing organic contamination on silver without
causing damage from the utilised concentration [22,23]) before
high temperature storage. After manual deposition of paste into the
holder and sintering, the samples were stored for 30 min inside an
aqueous solution containing 20% concentration of perchloric acid
and then stored in deionised water before placement into the
furnace for high temperature storage at 300 °C inside ~40 mPa
vacuum for 5 h.

The fifth set of samples were prepared using the NanoTach® X
paste with the same dimensions as the third set for electromigration
studies [24]. These samples were subjected to high current densities
of 2.4 x 108 A/m? for periods ranging from 20 to 25 days before cross
sectioning in order to compare atomic migration patterns on the
surface and interior of the porous material.

The free surfaces of the sintered silver were observed using a Hitachi
S4000 SEM coupled with Electron Dispersive X-ray (EDX) for elemental
analysis.

3. Results and discussion
3.1. Observation of microstructural evolution in the absence of air

Fig. 2 shows optical images from sample set 1 of three samples
stored at constant temperatures of 250, 350 and 400 °C showing
the continuous evolution of microstructure adjacent to the cover-
slip. Fig. 3 is a more detailed examination of the 350 °C sample clearly
showing coarsening of the microstructure. Using image processing
software, the average grain sizes from the images were calculated
and plotted in Fig. 4. For the 400 °C sample, the grain sizes go through
three grain growth phases, each having a lower slope than the
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Themmocouple

Optical Microscope

Cover-Slip
= Sintered Silver

Glass Substrate

Cartridge Heater Brass

Fig. 1. Schematic representation of the experimental setup for in-situ observation of the changes to the grain structure of sintered silver at high temperature. (Cartridge heater was inserted

inside the brass).

preceding grain growth phase as a result of increase in the initial
grain sizes. The first phase of grain growth is defined as the period
between start of heating to the point where the grain growth rate
has decreased to a constant, low value. The second growth phase
starts when the grain growth rate increases again and ends where
the growth rate stabilizes again at a low value. For the 350 °C sample,
after the first growth phase the average grain size remains almost
constant for about 3.5 h before entering the second growth phase.
This may be due to the fact that during this period reorientation of
grains is required before further coalescence. The 250 and 300 °C
samples showed that grain sizes reached a similar stable point after
an initial grain growth phase. However, there may be further growth
phases outside the timescale of the current experiments for those
samples. In contrast, the faster diffusion mechanisms at 400 °C
have caused the shortening of the grain growth phases such that a

Oh 1h

larger number of phases are observable within the timescale of the
experiment. At the lowest experimental temperature of 200 °C
storage of sintered silver for 5 h did not indicate any grain growth
implying greater stability of sintered silver material for such
operating temperatures. Average grain size as a function of
temperature is plotted in Fig. 5 for different storage times.

Errors for the average grain sizes have been calculated by
performing five separate calculations of average grain size on
random areas of the 350 °C sample after 90 min storage, which
would provide a roughly middle point example. The standard
deviation of those measurements has been used as the error for the
average grain size of that particular temperature and time. The errors
for the remaining average grain sizes has the same ratio to their
corresponding average grain size values of the ratio of the measured
error to its original average grain size.

4h 6h

Fig. 2. Optical images of sintered silver under cover slip stored at high temperatures on top of a cartridge heater. (a-d) 250 °C storage. (e-h) 350 °C storage. (i-1) 400 °C storage.
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Fig. 4. Grain growth vs. time. (The curves are fitted manually for improved illustration).
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Fig. 5. Grain growth vs. temperature.

The general formula describing the rate of grain growth of the aver-
age grain size as a function of time can be written as [25]:
G"—GP =kt (1)

where G is a parameter meauring linear grain size at time t and G is
the grain size at time zero, n is the grain growth exponent, and k is a
grain growth constant, and has the proportionality relationship below
[26]:
ke~ Q/RT

2)
where Q is the grain growth activation energy, R is the ideal gas con-
stant and T is the temperature.
Dannenberg (2000) [26] estimated the value of n as 3 for grain
growth of nanocrystaline silver and also for diffusion based grain

growth, being applied here, it has been generally best fitted by n=3
as well [25]. Therefore, for the intial grain growth phase of the samples
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G has been ploted against t to find the slope of the grain growth, shown
in Fig. 6. For the second phases which have been found for the 350 and
400 °C sample, this relationship has been plotted in Fig. 7.

By plotting the Ink against 1/T, the activation energy of the grain
growth can be calculated from the slopes for each of the grain growth
phases from Eq. (2) (Fig. 8). As the second growth phase only occurred
for the 350 °C and 400 °C samples, Fig. 8 (b) only contains two points.
Therefore the activation energy calculated from the slope should be
treated with caution.

The grain growth activation energies calculated for the first and sec-
ond phases are 53 + 2 kJ/mol and 52 + 2 kJ/mol respectively. These
values are in accordance with the literature value of 53 kJ/mol [26].

The cited literature value of the activation energy for grain growth
was calculated for nano sized silver grains, and the initial size of the sec-
ond grain growth phases were about twice the initial sizes for the first
phase, but all provide the same activation energy. Therefore, these re-
sults indicate that the activation energies of grain growth are indepen-
dent of the initial sizes up to ~2 pm?. Moreover, the similarity of the
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Fig. 6. Initial grain growth vs. time.
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Fig. 7. Grain growth vs. time of the second grain growth phase.

grain growth activation energy of the literature value, for which the
grains were sputter-deposited, with the activation energy of the silver
sintered under a cover-slip also confirms minimal contribution of the
cover-slip to the diffusion mechanism of silver and its growth
mechanisms.

While the rate of change of grain growth should be theoretically lin-
early dependent on surface diffusion and molar volume of the diffusing
materials, on dimensional grounds we might expect the dependence of
k on surface diffusitivity to vary as:

DsyVm

k=C=pr

A3)

where Ds is the surface diffusion (measured values shown in Fig. 9),
v is the surface energy, (measured to be 1.14 J/m? [27]), V,,, is the molar
volume (1.03 x 10~ m*/mol), and C is a dimensionless constant (see
e.g. [28] for a similar derivation). Fig. 9 shows the experimentally deter-
mined k value compared to the theoretical values computed from
Eq. (3). The large discrepancy between the two shows that surface dif-
fusion on a clean silver surface is not occuring and that a passivation
layer on the interior pore surface also exists. The most likely explanation
is that some organics from the silver paste remain on the interior pore
surfaces after sintering or that partial oxidation of these surfaces has oc-
curred. Future work is required to establish the exact composition of
these surfaces.

3.2. Observation of microstructural evolution after exposure to air

One sample from sample set 2 exhibited no change in the exposed
exterior surface microstructure after 20 h storage at 300 °C in air. Anoth-
er sample from this sample set were stored in vacuum and also exhibit-
ed no change in exterior microstructure even at 400 °C for 66 h. When
the sample stored at 400 °C, indicating no change, was stored for a fur-
ther 24 h at 500 °C, massive grain coalescence occurred, as seen in

y = -6305.4x - 39.723

—— W{ ....................... ]

In (k)

60 L L N . L "
0.0014 0.0015 0.0016 0.0017 0.0018 0.0019

T

0.002

Fig. 10. Sample set 3 consisted of samples that were sintered, cross sec-
tioned to expose the interior and then aged at 300 °C. These samples too
showed no change in microstructure. Sample set 4 probed whether
cleaning of the exterior surface by acid etching would enable micro-
structural evolution. However, since it was impossible to perform the
acid etching in vacuum, the surface was exposed to water and air after
etching and no microstructural evolution was observed after storage
for 5 h at 300 °C. In summary, the common factor between sample
sets 2-4 is that all have been exposed to air, while sample set 1 has
not been exposed to air. Lack of microstructural evolution in the exterior
is therefore caused by formation of a passivation layer after exposure to
the atmosphere. By contrast, the surface under the cover slip underwent
rapid evolution, and the changes in microstructure were similar to those
observed previously [17-19] when the sintered silver is first aged at
300 °C and then cross sectioned to reveal changes compared to control
samples.

The surface passivation layer blocks atomic surface diffusion, and
therefore prevents the changes in grain structure seen in sample set 1
and in the interior of sintered silver in previous work [17-19]. The re-
sults indicate that after decomposition of the surface layer at 500 °C,
the free movement of silver atoms on the surface of the sample re-
sumed, leading to the morphological changes observed.

Given the change in microstructural behaviour between 400 °C and
500 °C, further investigation of microstructure evolution at 450 °C was
carried out on a sample from sample set 2. As can be seen from Figs.
11, 1 h storage of the sample in air did not result in any changes to the
morphology of the sample, but after an additional 1.5 h the changes
were significant. During the initial 1 h at 450 °C the surface layer may
have decomposed, allowing diffusion and grain evolution to take place
during subsequent heating.

A further test of the presence of a passivating layer on free surfaces
(as opposed to surfaces in the interior of the material or protected by
glass) was carried out by passing a high current density through sam-
ples of sample set 5. Fig. 12 compares the free surface and internal

(b)
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Fig. 8. In(k) vs. reciprocal of temperature. (a) For the first grain growth phase. (b) For the second grain growth phase.
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Fig. 9. The comparison between the theoretical and experimental values of k, with the values of surface diffusion [29] shown in the accompanying table .

structure of sintered silver before and after 25 days of application of
2.4 x 108 A/cm? current density through the material. Fig. 12 (a) and
(b) show that on the free surface, electromigration results in the forma-
tion of nanorods due to atomic deposition in the interior of the grains
causing stress build-up and eruption of material through the surface
passivation layer. However, the overall shapes of the grains have not un-
dergone any other transformation. Fig. 12 (c) and (d) were obtained by
cross-sectioning samples before and after electromigration and indicate
that in the interior of the material the morphology has radically
changed. This shows the presence of a passivating layer on the exposed
surfaces of sintered silver preventing the surface diffusion mechanisms,
which are active in the interior of the sintered silver material. The tem-
perature in the silver rose only to approximately 100 °C [24] and so

electromigration experiments have not proven that the same passivat-
ing layer exists in the thermal ageing experiments, since the layer may
decompose at the higher temperatures. They do however show that a
low temperature passivating layer exists with the same characteristics
as those found in the thermal experiments, preventing atomic surface
diffusion only at the exterior of the porous material.

Considering the results from sample sets 1-5 as a whole, the
passivating layer cannot be due purely to organic compounds from
the original paste, as these exist also in the interior of the material,
and would have been removed from the exterior by the perchloric
acid solution. The presence of oxygen on the free surface of sintered
silver has been detected by EDX at room temperature in a similar
study [24]. While some studies have shown that some silver oxides

Fig. 10. SEM images of sintered silver from sample set 2. (a) Free surface of sintered silver at 0 h. (b) After storage for 24 h at 300 °C of (a). (c) Additional 16 h at 300 °C and 66 h at 400 °C of
area (a) in vacuum. (d) Additional 24 h at 500 °C (not in vacuum, and area (a) could not be identified).
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S0um S0 um

Fig. 12. SEM images for surface and interior evolution comparison. (a) Free surface before passing high current. (b) Free surface after passing high current. (c) Internal structure of a similar
sample before passing high current. (d) Internal structure of a sample after passing high current.
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start to decompose at 160 °C [30], the second most common type of
silver oxide AgO will transform into the most common type Ag,0
at 300 °C [31], and Ag,0 completely decomposes only at 400 °C
[32]. Therefore, silver oxide is the most likely composition of the
passivating layer.

4. Conclusions

The microstructural behaviour of sintered silver at high tempera-
tures has been investigated both in the absence of exposure to air and
after exposure to air. In the absence of exposure to air, while 5 h expo-
sure to 200 °C resulted in no evolution, rapid evolution was observed
at temperatures of 250 °C and higher. Therefore, mechanical properties
will remain stable, leading to higher reliability assurance for applica-
tions up to 200 °C. The grain structure evolution has been mapped out
for different temperatures and it has been found that evolution consists
of rapid growth stages interspersed with periods of relative stability.
This evolution was studied in detail, tracking individual pores and
grains. The activation energy of grain growth for the silver grains has
been calculated as 52.5 (+ 2.5) KJ/mol, which agrees with the literature
value. However, exposure to atmosphere of the sintered silver surface
stops the surface diffusion of silver atoms and preserves the initial mi-
crostructure. This phenomenon results in a stable structure on the free
surface of sintered silver even at 400 °C. The stabilizing passivation
layer is most likely to be silver oxide. The presence of the passivation
layer was independently confirmed using a novel electromigration
based technique which probed surface diffusivity of atoms in the interi-
or of the sample. Moreover, the studies on the mechanical properties of
sintered silver associate the coarsening of the grain structure with dete-
rioration of mechanical properties [7,9,17-19,33,34], so that if the pas-
sivation layer could be grown in the interior of the material at the last
stage of the sintering process, utilizing temperature triggered oxidation
agents in the paste, then joint lifetimes could potentially be increased.
The final conclusion is that until methods for stabilizing the microstruc-
ture above 200 °C are found, extensive long-term testing of mechanical
properties during storage is required to ensure that joints formed from
sintered silver retain adequate strength. Alternative solutions do also
exist, but require the addition of interposers along with the sintered sil-
ver to produce a thermally stable die attach, increasing the high temper-
ature reliability [35].
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Addendum to Chapter 3
As it might cause confusion for some readers, it would be worth emphasising the
principal idea behind utilisation of cover-slip on sintered silver to investigate the

microstructural evolution again here.

There exists minimal contribution of cover-slip to the sintered silver’s grain growth
mechanics, which has also been confirmed here from the grain growth activation value of
sintered silver grains adjacent to cover-slip versus free silver grains. Therefore, it would be
reasonable to assume that cover-slip would only act as if the sintered silver is cross-sectioned

and the grains are being investigated as such.

Furthermore, as it has been seen in this paper, Equations 1 and 2 could only be used to
explain the grain growth phases and not the whole time-frame observed. This derivation from
the classical models can be explained by the requirement of the grains to rearrange into more
convenient positions to follow another observed phase of grain growth according to the
classical models, where the need for repositioning of the grains inside a porous structure has

not been considered.

In addition, as it has been cited in the paper, the readers are invited to read Appendix Al
for more information regarding the techniques used for calculating the average grain sizes

from the optical images.

79



4 Ultra-Stable Sintered Silver Die Attach for Demanding High

Power/Temperature Applications

80



IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 17, NO. 4, DECEMBER 2017 795

Letters

Ultra-Stable Sintered Silver Die Attach for Demanding
High-Power/Temperature Applications

Seyed Amir Paknejad, Khalid Khtatba, Ali Mansourian,
and Samjid H. Mannan

Abstract—A novel and simple processing step has been demonstrated to
produce thermally stable sintered silver nanoparticles structures. Sintered
silver has been investigated as a die attach to resolve the long-standing
demand for a reliable material to enable high-power/temperature elec-
tronics operating above 300 °C. However, it is now a well-known fact
that such materials undergo massive microstructural evolution at 250 °C
and above, creating doubts about their long-term reliability. Here, an
additional processing step utilizing oxidizing treatment is demonstrated
to immobilize the silver atoms through formation of Ag,;0. This tech-
nique stabilizes sintered silver up to 400 °C, taking advantage of the
open-pore network to facilitate treatment deep in the material interior.

Index Terms—Reliability, aging, semiconductor device packaging,
silver, nanotechnology.

1. INTRODUCTION

One of the most important reliability concerns for high
power/temperature electronics is lack of a thermally stable die
attach to withstand the new temperature requirement of 300 °C and
above [1]. Many different sectors can benefit from such a die attach
material such as power electronics, deep-well oil and gas exploration,
and implementation of wide-bandgap semiconductors into industry,
where even 400 °C operating temperature is a target for near future
applications [2]. Two important categories of die attach materials
intended for high power/temperature applications are high tempera-
ture solders, mainly high gold content solders [3], [4], and Transient
Liquid Phase Diffusion Bonding (TLPDB) materials [5]. However,
the impetus for research on developing more reliable die attach mate-
rials arises from problems with these current materials, which are
residual stresses in case of solders [6], and reduction of mechanical
strength at elevated temperature in case of TLPDB materials, even
if the temperature is well below the melting point of the system
intermetallics [7].

A relatively new technique to overcome the issues related to the
current die attach materials is sintering of silver nanoparticles to form
a porous silver joint between the die and substrate. While this tech-
nique has attracted much attention and many research papers have
been dedicated to studying this material [8], it has been recently
found that this material is strongly susceptible to microstructural vari-
ations above 200 °C. As these microstructural changes are normally
linked to reduction in mechanical reliability [10], [11], sintered sil-
ver materials remain unsuitable for applications above 200 °C unless
the internal microstructure can be stabilised as one of the important
concerns for its utilisation [8]. No known technique currently exists
to stabilise the porous microstructure of pure pressure-less sintered
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silver above 200 °C. Allowing a second material to be added to
help stabilize the silver gives rise to two techniques found in the
literature. In one technique, insertion of a gold mesh into the silver
nanoparticle paste has resulted in stability during thermal aging at
600 °C for a minimum of 100 h [12]. In the other technique, addition
of SiC to silver paste has been able to increase the thermal stabil-
ity of the material to at least 250 °C although processing pressure
was required [13]. Both techniques complicate the processing steps,
and potentially lengthy optimisation of the materials and processing,
will need to be followed by extensive testing that pure sintered sil-
ver has already undergone, such as shear strength, aging, thermal
cycling and flexibility tests [8]. However, in this letter a novel and
simple technique for freezing and stabilizing the microstructure of
pure sintered silver after the normal processing steps is presented.
This technique has shown an increase in microstructural stability
to 400 °C.

II. MATERIAL AND METHODS

Silver nanoparticle based pastes from NBE Tech, LLC, known
as NanoTach X-Paste and N-Paste, have been utilised in 4 sets of
experiments, as shown in Table I. All the samples were prepared
with the pressure-less sintering profile recommended by the paste
manufacturer, which involves heating at 7.5 °C/min from room
temperature to 260 °C followed by about 30 — 60 minutes at this
temperature for X-Paste (for Sample sets 1, 2, 4 and Sample 3.3),
and involves a slightly different temperature profile for Samples 3.1
and 3.2 requiring 10 min storage at 275 °C for the final sintering
stage. The first two sample sets were sintered on a glass slide and
under a cover-slip in order to allow continuous optical observations
of microstructure evolution without exposure to air during high
temperature ageing. It has been shown previously that the cover-slip
does not affect the microstructural evolution of sintered silver [9],
making this technique ideal for exploring continuous evolution inside
sintered silver at high temperatures. Ageing was carried out by
placement on a cartridge heater or inside an oven at high temperature
to monitor the changes to the microstructure. Sample set 1 was stored
at high temperature after sintering without further processing steps,
while sample set 2 underwent oxidizing treatment after the sintering
profile by storage inside an oven at 150 °C for 24 h along with
beakers containing overall 500 mL of water in a sealed system. This
process step allows steam to penetrate through the porous structure of
the sintered silver, causing a reaction between the steam and sintered
silver surfaces. Optical images for sample set 1 were produced before
and after high temperature aging at 250 to 400 °C for up to 7 h,
while the optical images for sample set 2 were produced before and
after storage at 300 °C up to 603 h and aging up to 24 h at 350 to
450 °C. The optical images from these samples were then analysed
using Image] 1.46 and the MATLAB image processing toolbox
to investigate the microstructural changes of sintered silver grains.
Refer to [9] and [14] for further information on the image processing
techniques utilised and algorithms for extracting grain size, which
references also include further information regarding the benefits and
implications of observations of sintered silver microstructure through
a cover-slip.

The third sample set was produced for cross-sectional analysis,
and was again sintered using the recommended sintering profile.

1530-4388 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE 1
SAMPLE SETS AND THEIR TREATMENTS

Sample | Sample 5 ¢
Set Nutithes Treatment High Temperature Aging
1.1 250°Cupto7h
12 300°Cupto7h
4 13 Wisend 350°Cupto7h
14 400°Cupto7h
2.1 300 °C up to 603 h
5 Treated with
55 Steam 350, 400, 450 °C for 24 h
- each
3.1 No Aging (Control)
3 32 Unfreated 300 °C for 24 h
Treated with -
33 = 300 °C for 124 h
Treated with .
4 4.1 e 300 °C for 24 h

Processing Steps

Dk Dle Placement °
‘ Sinteri mg Process

s‘b
,ﬂ,\

Steamed for 24 hours

Performed for
Sample Set 2 and
snmple 33

Thenml Subilisation
w X / Pmce\im
Reconunended Sintering Profile P“ﬁ'md for
from Paste Manufacturer Sample Set 4

Dipping in water for
10 mia

Fig. 1. Schematic representation of sample preparation process. Steps 1 and 2
were performed for all samples and step 3 shows the additional treatment for
thermal stabilization.

Samples 3.1 and 3.2 did not undergo oxidizing treatment, while sam-
ple 3.3 went through the same steaming process as of sample set 2.
Sample 3.1 was kept as a control sample and samples 3.2 and 3.3,
were then stored at 300 °C for 24 h and 124 h respectively. All
samples from set 3 were mounted using a cold mounting resin and
polished mechanically with silicon carbide cloths and water based
diamond solutions. These samples were then observed by SEM and
compared to understand whether the effects of steaming observed in
sample set 2 occurred throughout the interior of the sintered silver
joint. The thickness of other sample sets can be estimated from the
SEM images of Sample set 3 to be around 23 pm.

While 24 h steaming has been selected as the oxidizing treatment
to ensure that steam has penetrated throughout the whole sample,
other oxidizing treatments may achieve the same effect. For example,
Sample 4.1 was stored under water for 10 min and then was partially
dried at room temperature for 24 h before being stored at 300 °C for
24 h to observe the microstructural stabilization of this technique.
Residual water would have converted to steam and contributed to
oxidation via the open pore network during the storage phase. See
Figure 1 for schematic representation of the processing steps for all
the samples.

III. RESULTS AND DISCUSSION

Optical images from the first and second sample sets are com-
pared in Figure 2. Untreated samples from set 1 were only stored at

f Untreated

Before Aging

Before Aging

Sample |
21ul
300 °C

Before Agll: After 24 b at 350 °C Subsequent 24 bt 400 °C

Fig. 2. Optical images of sintered silver under cover-slip. The bright areas
correspond to silver grains in contact with the cover-slip. (a-d) Untreated
Sample 1.2. (e-h) Treated Sample 2.1 (image (h) contains image of a bigger
grain in the top left corner from another area with the same magnification).
(i-1) Treated Sample 2.2.

their designated high temperatures for up to 7 hours since changes
in microstructure were clearly visible in that timescale. Figure 2
(a-d) shows the fast microstructural evolution of sample 1.1 at
250 °C. However, the treated sample number 2.1 shown in Figure 2
(e-h) has been stored for 603 h at 300 °C and only at 603 h did a few
isolated grains begin to grow. One example of such grains is inserted
in top left corner of Figure 2 (h); note that this image was specif-
ically selected to capture one of these rare grains (observed 1 in
7000 grains), while all other images in Figure 2 are from random
areas. These growing grains could correspond to the small num-
ber of closed spaces expected inside sintered silver, while 96-99.9%
of the pores will be part of an open network [15], [16]. Inside the
closed spaces steam cannot penetrate and therefore grain growth can
occur. Grain size measurements indicate that the average size of the
grains at 300 °C remained constant up to 603 h; the effect of iso-
lated grain growth being negligible. By contrast the untreated samples
went through significant grain growth even at 250 °C in less than 2 h.
A summary of the grain size evolution for sample set 1 and 2 are
presented in Figure 3. It can be seen in this figure that 24 h storage
of Sample 2.2 at 350 °C and subsequently at 400 °C results in no
changes to microstructure, as seen in Figure 2 (i-k), while storage at
450 °C does result in significant grain growth, showing that the pro-
tection provided by oxidation wears off between 400 °C and 450 °C,
see Figure 2 (1).

Given that the decomposition temperature of the most stable silver
oxide (Agr0) is 400 °C from Differential Thermal Analysis of silver
oxide (Ag,0) [17], and exposure of silver to air results in oxidation
and halt to surface diffusion and grain growth [18], the stability after
treatment can be attributed to formation of a silver oxide passivating
layer. The exterior of the air exposed sample is seen to be immediately
stabilized but not the interior microstructure [9], which remains stable
only after the oxidizing treatment. This is shown in Figure 4 where the
microstructural stability seen in sample set 2 is seen to occur through-
out the sample cross-section only in the treated case and significant
grain growth can be observed for the untreated sample. As can be
seen from Figure 4 (¢ and e) as schematic representations of the likely

82



IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 17, NO. 4, DECEMBER 2017 797

a,
. @
25
& 2  Control
g
= . ATreated - 300 °C
.g L5 = Treated - 350 °C
7] A
g N X Treated - 400 °C
g
S 1 e L @ Untrealed - 300 °C
. B ® Untreated - 350 °C
0.5 A Untreated - 400 °C
15h 7h 24h
0 I 1 1
0 02 04 0.6 0.8 1 1.2 14 1.6
Log,, (Storage Time (hours))
. ®)
25
Untreated Samples after .5 h
Aging
2 =
— = Untreated Samples after 7 h
) g
é Aging
_§ 15 ® Oxidation Treated Samples
ﬁ I after 24 h Aging
g I
1 &
Control Sample without Aging
0.5
0
300°C 350°C 400 °C

Tempeature of Aging

Fig. 3. Comparison of grains sizes of treated and untreated samples. (a) Grain
size versus storage time. (b) Grain size versus temperature. Untreated results
are obtained from Sample set 1 and treated results from sample set 2.
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Fig. 4. SEM images of cross-sections of sample set 3 and their microstruc-
tural evolution’s underlying mechanisms. (a) Before aging, sample 3.1.
(b) Untreated sample 3.1 after 24 h at 300 °C. (c¢) Schematic representa-
tion of easy surface diffusion mechanism of silver atoms on sintered silver.
(d) Treated sample 3.3 after 124 h at 300 °C. (e) Schematic illustration of
halt to diffusion as a result of oxygen atoms pinning silver atoms. The dotted
lines in (c) and (d) represent weak Van der Waals type bonds and solid lines
represent strong ionic bonds preventing surface diffusion.

processes, this effect can be explained by the fact that while silver
atoms inside pure silver can migrate and diffuse easily via surface
diffusion, the oxidation has the effect of immobilising and pinning
the silver atoms and stabilizing the structure up to the decomposition
temperature of AgyO, which has also been observed and confirmed
previously through direct exposure to atmosphere [18]. Although cal-
culations of morphology changes driven by surface self-diffusion
on pure silver are orders of magnitude faster than those observed
experimentally [9], reduction of surface diffusion coefficients in the
presence of organic residues from the original paste and partial oxi-
dation can explain the discrepancy. Oxygen and humidity from air
can penetrate the pore network in limited quantities without treat-
ment, but an external oxidizing treatment with high intensity has
been shown to be necessary in order to achieve thermal stability
at 400 °C.

Another simpler oxidation treatment has indicated the same sta-
bilization effect. Sample 4.1 exhibits the same stabilization after
dipping the sample in water for 10 min, in which ageing at 300 °C
for 24 h results in no visible changes to microstructure.

IV. CONCLUSION

In summary, oxidizing treatment of sintered silver has resulted
in increased stability and arrest of high temperature microstructural
evolution up to 400 °C. While normal sintered silver undergoes sig-
nificant grain growth even at 250 °C in less than | h, the treated
samples have been stable for at least 24 h at 400 °C. At 300 °C
almost the entire sample is seen to be stable up to at least 600 h,
while only a few isolated grains coalesce, confirming the existence of
closed pores inside sintered silver at these locations. The increased
stability has been explained as a result of oxidation of sintered silver,
which enables the possibility of a broad range of possible techniques
for boosting the stability temperature range of sintered silver from the
existing 200 °C up to 400 °C. These patent pending techniques [19]
can be applied conveniently after sintering by introducing oxidizing
mechanisms such as dipping in water. The existence of simple stabi-
lizing treatments also opens up the possibility of using higher porosity
silver for large die applications where the stress exerted on the die is
a limiting factor. While the stabilisation technique utilised here has
been demonstrated only for the NBE Tech pastes, the mechanism
should hold generally but further work is needed to establish this.
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1. Introduction

Electronics for applications in aircraft, automotive, space explo-
ration, deep oil and gas drilling, can require operating tempera-
tures of 300 °C or higher. For example, requirements for deep oil
and gas exploration have been reported as 300 °C [1]. Semiconduc-
tor die are attached to substrates in these applications using die
attach materials such as high melting point solders e.g. Auln or
AuGe. One problem with solders in high temperature applications
is that they must melt during processing, leading to operating tem-
perature as a fraction of melting point (homologous temperature)
of 0.75 or higher since use of even higher melting point solders
requires processing which can damage the semiconductor and lead
to high residual stresses after joining. Alternative approaches
include liquid interconnects [2], Transient Liquid Phase Bonding
(also referred to as solid liquid interdiffusion bonding) [3] and
nanoparticle (NP) sintering [4-8]; the basic idea behind these is
to decouple the processing temperature from the operating tem-
perature. For NP sintering, detailed analysis of the initial sintering
mechanisms including ripening and twinning can be found in [9].

In the case of silver NP sintered materials, joints can be formed
at significantly lower temperatures and pressures as compared to

* Corresponding author. Tel.: +44 (0) 207 8481780; fax: +44 (0) 207 8482420.
E-mail address: samjid.mannan@kcl.ac.uk (S.H. Mannan).

http://dx.doi.org/10.1016/j.jallcom.2014.08.062
0925-8388/© 2014 Elsevier B.V. All rights reserved.

micron-sized particles. This stems from the increased proportion
of atoms at the surface of the nanoparticles, leading to increased
free energy in the system and surface premelting [ 10]. For example,
the melting point of bulk silver is 961 °C, whereas the melting tem-
perature of silver particles with a diameter of 2.4 nm reduces to
around 350 °C [11]. After sintering, the joint can operate at 350 °C
with a corresponding homologous temperature of only 0.5. Nano-
particle sintering for high power and high temperature die attach
applications have been previously reported using Ag NPs [6,8,12-
15] while sintering using Cu NPs have also been reported [16-19]
although these typically require applied pressure, UV light or a
reducing atmosphere for successful sintering. The present work
reports on changes in shear strength and the corresponding evolu-
tion of voids and grain boundaries when a commercially available
Ag NP paste is used to bond Si test die to a ceramic package with
Ni/Au surface metallization, followed by storage at 300 °C.

2. Experimental

The die-attach material selected for studies was the NanoTach® N silver paste
produced by NBE Tech. This paste is recommended for small size dies of less than
3 x 3 mm in a pressure free sintering process. The paste consists of ~30 nm diameter
Ag particles together with ligands to prevent agglomeration and organic components
to improve paste rheology; further details are reported elsewhere, together with
details of bondline thickness measurements after sintering and ageing, and images
of fracture surfaces after shear testing [20]. In the present work 2.5 x 2.5 mm Si die
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with Ni/Ag plating were employed, with the final vacuum deposited Ag layer 0.6 um
thick. The Ag substrates are identical to the die (Si with Ni/Ag plating layers) with
dimensions 5 x 5 mm. The Au substrates consist of a W/Ni/Au metallized co-fired
alumina package with the final electroplated Au layer 2 pm thick.

During assembly no pressure was applied to the die after placement onto the
substrate using a scrubbing motion to initiate contact between paste and sub-
strate/die metallizations [20]. The manufacturers’ recommended temperature pro-
file consists of ramping from room temperature to 150 °C with an average ramp rate
of 1.6 °C/min, followed by a 20 °C/min ramp to 290 °C and a hold of 10 min at
290 °C. This schedule was followed except for the final stage where temperatures
varied between 290-300 °C for 18 min rather than the recommended 10 min hold
at 290 °C. After bonding, the assemblies were stored at 300 °C for 24 h, 100 h, and
500 h. For each condition cross sections were produced for observation of the
effects of the high temperature storage and also compared to a “control” sample,
which experienced the same sintering profile (and heating overshoot) as the other
samples but was not aged at 300 °C. At each stage, the die shear strength was tested
using a Dage 4000 system in accordance with MIL STD 883, method 2019. The shear
tests were performed at 75 pum height from the base of the component and using a
shear speed of 200 pum/s.

The samples were observed by Scanning Electron Microscopy (SEM) using a
Field Emission Gun SEM (FEI QuantaFEG) with Energy Dispersive X-ray (EDX) anal-
ysis to determine elemental maps and compositions, Electron Backscatter Diffrac-
tion (EBSD) was employed on the 24 h sample on the Au substrate to identify the
lattice orientations of the grains at the interface of the sintered silver and the gold
layer on the substrate. For SEM, the cross sections were first produced by cutting
through the dies vertically with a circular diamond saw. Next, the samples were
potted in a cold mounting resin and polished with silicon carbide cloths, followed
by polishing with three- micron and quarter- micron mono-crystalline diamond
in water base suspensions.

Two of the samples (the control and 24 h on Au substrates) were also prepared
using an argon ion beam Cross-Section Polisher (CSP) (JEOL SM-09010) to first pol-
ish and then etch the samples to bring out grain boundaries in the method
described in [21]. These two samples were also prepared for TEM by using an
in situ lift out technique in a Nova 600 Nano Lab dual beam. This system consists
of a Field Emission Gun Scanning Electron Microscope (FEG-SEM) and a Focusses
Ion Beam (FIB). The samples were analysed in a JEOL JEM 2000FX Transmission
Electron Microscope (TEM) operating at 200 kV in bright field mode and images
were recorded using a Erlangshen (Gatan) CCD camera.

3. Results and discussions
3.1. Shear test results

Fig. 1 shows the shear strength of the assemblies under thermal
ageing at 300 °C. Each point on the graphs corresponds to an indi-
vidual test. Four samples were tested at each condition but sam-
ples which fractured leaving more than 5% of the die in contact
with the substrate are not shown; the average and standard devi-
ation of shear force for all four tests irrespective of fracture are
plotted on the inset graphs. It can be seen that there is considerable
scatter in the measurements. On Ag substrate the initial shear
strength of ~11 MPa is in agreement with the typical values of
11-12 MPa reported [4] but lower than the ~20 MPa found [22]
using a modified paste with reduced organics. However after age-
ing the shear strength shows an increasing trend, rising to
~15 MPa at some time between 24 and 100 h ageing. On the Au
substrate, the initial shear strength was 22.5 MPa in one instance,
but only 7.5 MPa in the two other cases. Previous results also using
Au substrate and Ag metallized die [15] recorded 6 MPa initial
bond strength, suggesting that the initial sintering time of
10 min may not be enough to guarantee good contact between
the nanoparticles and the metallizations. However, as the samples
were aged, it is seen that the shear strength trend is decreasing,
reducing to ~12 MPa after 500 h. In order to investigate the cause
of the changes in shear strength, the assemblies, which had been
aged but not shear tested, were cross sectioned.

3.2. Au substrate microstructure

Fig. 2 shows SEM images of cross sections of the control and
aged samples after ion beam etching. In the control sample, the ori-
ginal sintered Ag microstructure shows porosity of ~20%, typical of
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Fig. 1. (a) Shear strength on Ag substrate. (b) Shear strength on Au substrate. Main
body shows individual shear test results and insets show shear strength of all
samples including those which fractured during the test.

a pressure-free Ag sintering process [23,13] and a high degree of
contact between the Ag and Au phases at the interface. Subse-
quently, a layer grows Fig. 2(b)-(d) which is almost free of voids
and this is henceforth designated as the Void Free Layer (VFL).
Average thickness of the VFL increases as a function of time as
shown in Fig. 3, rising from 8 um after 24 h to 16 um after 500 h.
Above the VFL, a high porosity zone (~44% porosity after 24 h ris-
ing to ~65% porosity for 100 h and 500 h aged samples) forms
which leads to the progressive weakening of the assembly seen
in Fig. 1b. For the 100 h and 500 h samples, the Au layer is seen
to dissolve locally into the Ag, see Fig. 2c and d and Fig. 3 (inset).
A previous study investigating reliability of sintered Ag nanoparti-
cles on Au substrates at 300 °C did not report these phenomena as
storage time was limited to 90 min [24].

The increase in the thickness of the VFL during the studied stor-
age periods indicates fast migration of the Ag atoms towards the
Au layer and migration of Au in the opposite direction. This obser-
vation was quantitatively estimated by evaluation of diffusion
coefficient (D) of Au into the sintered silver by two different tech-
niques. First, the diffusion length x of Au into the Ag is used in the
standard parabolic 1-d diffusion solution

X2
D=% (1)
where t is the diffusion time. Fig. 4a shows Au diffusion on the
100 h sample from which x is calculated as (5+ 1)um based on
an average value of nine linear Au diffusion lengths chosen ran-
domly, but above the regions where the Au layer has dissolved into
the sintered Ag. Calculation of the uncertainty in diffusion length
was affected by three different factors, which were (i) slight drift
of the sample during elemental composition analysis, (ii) variability
of diffusion lengths, and (iii) EDX analysis errors leading to noise
which has been filtered out of the Au distributions by removing
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Fig. 2. Backscatter SEM images of (a) control. (b) 24 h (prepared using CSP). (¢) 100 h. (d) 500 h sample (higher magnification).
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Fig. 3. Thickness of Void Free Layer (VFL) as a function of storage time. Inset shows
thickness of the residual Au plating (error bars represent one standard deviation).

low intensity and isolated pixels. D is now estimated from Eq. (1) as
(1.7+0.7) x 107" m?/s.

The second technique for calculation of D utilizes elemental
composition information on a line vertical to the interface between
the sintered silver and Au layer measured by EDX for the 500 h
sample. The concentration of Au C as a function of distance from
the Matano interface (where the number of atoms of Au on one
side of the interface equals the number of atoms of Ag on the
other), r, is used to solve the Boltzmann-Matano equation [25]

5 e -
2@,

where C,,.x is the concentration at the original Au/Ag interface , and
r* is the distance at which D is evaluated. This gives an estimate of
D =1.1 x 10'® m?/s where the average is calculated over the diffu-
sion path.

Denoting D¢ and D, as the grain boundary and lattice diffusion
coefficients of Au in Ag and p as the volume fraction of grain
boundaries inside the sintered silver, the effective D measured
can be written as [26]

D = Dz + (1 — p)Dy (3)

According to the literature D, = 1.9 x 1072 m2/s [27] at 300 °C
leading to the conclusion that diffusion in the sintered Ag is domi-
nated by grain boundaries. D¢p is reported to vary widely as it
depends on the exact nature of the grain boundaries. Therefore,
the 24 h sample has been used to estimate Dgg as in this case, etch-
ing has clearly brought out the grain boundaries and it is possible to
map Au diffusion along these as shown in Fig. 4c and d. Using Eq. (1)
where x now represents distance along the grain boundary, we find
D¢ estimated as 1.9 x 1077 m? /s. An explanation of the difference
between the values of D calculated from the two different tech-
niques can now be suggested. The closeness of the first value to
D¢p appears to be caused by calculation of the maximum diffusion
length from Fig. 4a, which corresponds to grain boundary diffusion
rather than effective diffusion. This is because the calculation con-
siders only the furthest extent of diffusion, which occurs along the
grain boundaries. By contrast, the Boltzmann-Matano technique
utilizes a random straight line during calculation of D taking into
account information from both grain boundaries and lattice diffu-
sion. The value of y is found to be 0.06 from Eq. (3) and using the
average value of D calculated from Eq. (2). This calculation indicates
a very high fraction of grain boundaries inside sintered silver nano-
particles. To evaluate the reliability of this calculation TEM analysis
of the control and 24 h samples is shown in Fig. 5.

These confirm firstly that there is a high density of twin bound-
aries present in the sintered Ag. The occurrence of twin boundaries
in pressure-free sintering of Ag nanoparticles was recently pre-
dicted from molecular dynamics simulations [28] although the
high density of twins observed in the present work suggests that
simulations with small numbers of particles still do not fully cap-
ture the relevant stress relaxation mechanisms. Experimental
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used for D  <Iwin
calculation Boundaries

Fig. 4. EDX generated maps of Au distributions. (a) Au distribution superimposed on SEM image of 100 h sample. (b) Original SEM image with vertical lines showing region
used for calculation of x. (¢) Au distribution superimposed on SEM image of 24 h sample (enhanced by a video accessible online). (d) Original SEM image with indicated grain

boundary used for calculation of Dgp.

Ag Penetration

7

Organic Contamination

Fig. 5. TEM images of control and 24 h sample. (a) and (c) are TEM images of the control sample inside the sintered silver. (b) and (d) are TEM images of 24 h sample at the Ag/
Au interface. The corresponding SEM images of the TEM samples are shown in the top right corners of (a) and (b) images. The SEM image embedded in (b) shows areas of Ag
penetration into the Au layer as dark zones and these are then indicated by the arrows in the TEM image.

observation of a high density of twin boundaries after pressure free
Ag NP sintering at 200 °C appears to show an even higher density
of grain boundaries than observed in the present paper [29]. The
TEM images also confirm absence of nano-scale pores in the mate-
rial and that grain boundaries in the Ni layer lead to grain bound-
aries inside the Au layer and then into the sintered Ag. This
strongly suggests that epitaxial growth of Ag on the Au surface

occurs as expected from molecular dynamics simulation studies
[30], and previously observed experimentally [31]. It can also be
seen that Ag has penetrated into the Au grain boundaries (see
Fig. 5b and d) causing rapid dissolution of the Au at some grain
boundary interfaces, while epitaxial interfaces show minimal dis-
solution of Au. EBSD analysis in Fig. 6 further confirms the pres-
ence of high-angle tilt grain boundaries spanning Ni, Au and Ag

90



998 S.A. Paknejad et al./Journal of Alloys and Compounds 617 (2014) 994-1001

layers while the interface between Ag and Au consists of low angle
boundaries (epitaxial growth).

The free energy of a miscible mixture of silver and gold is lowest
at 50% concentration of each [32]. This produces a driving force for
Au to migrate into the Ag and for Ag to migrate into the Au. The
presence of voids in the Ag allows fast diffusion of Ag on the void
surface towards the Au rich areas beneath the voids. This flux of Ag
towards the Au is not equalled exactly by Au flux towards the top
surface of the void because the source of Au atoms is limited,
resulting in void migration away from the Ag/Au interface. The
Au shows negligible dissolution into the Ag at epitaxial interfaces
and hence the only source of Au is initially from the grain bound-
aries within the plated Au layer. fig. 7 shows maps of Au distribu-
tion in the sintered Ag layer, showing that Au diffusion into the
sintered Ag occurs only at these grain boundaries. Movement of
the sintered Ag grain boundaries then deposits the Au deep inside
sintered Ag grains [33,34]; typically in fig. 7, one edge of the Au
containing regions is seen to match a current grain boundary while
other edges do not match current grain boundaries, but must
instead have been the original grain boundary location before grain
boundary migration. Even inside the plated Au grain boundaries,
Fig. 5 indicates that there are some Au/Ag interfaces that exhibit
rapid Au dissolution while at others the original Au boundary
seems intact. This suggests that dissolution is strongly dependent
on the exact orientation between Ag and Au grains. Au diffusion
is concentrated along the major grain boundaries in the sintered
Ag, but grain boundary migration and possibly diffusion along twin
boundaries [35] also contributes to diffusion to match the high u
values necessary to explain the high value of the effective diffusion
coefficient which is some 4 orders of magnitude above the value
expected from lattice diffusion alone. In summary, the main effect
of the Au and Ag migrations, is a flux of Ag atoms across the inner
surface of the voids, towards the Au layer, displacing the void in
the opposite direction, and leading to growth of the void free layer
and corresponding high porosity layer.

3.3. Ag substrate microstructure results

Images of progressively aged samples on Ag substrates are
shown in Figs. 8-10. As in the Au substrate case, there is coarsening
of the Ag grains as the samples are aged. Also, in the 500 h sample
there is separation of the Ag layer though now this occurs within
the plated Ag layer. The images show that after ageing there is
greater contact area between the sintered Ag and the plated Ag lay-
ers on die and substrate, leading to the increasing shear strength
trend observed in Fig. 1a. As expected, given the geometry of Ag

Fig. 7. Map of Au distribution in the region of Fig. 5(d) (presence of Au indicated by
pink colouring). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

to Ag interfaces, the joint is relatively homogenous and no highly
porous layer forms analogous to that in the Au substrate system.
In the absence of the complications caused by Au diffusion, trends
in void and porosity evolution as functions of time and spatial posi-
tion across the substrate can be analysed.

The image processing toolbox in Matlab was used to define
pores and quantify porosity, average pore size and numbers of
pores, as shown in Fig. 11 which confirms that the porosity in
the central areas is much lower than at the edge. Moreover, the
porosity decreases rapidly after only 24 h ageing, driven by a dra-
matic collapse of the void density. The void size by contrast
remains relatively stable with the exception of the 500 h central
sample where a few extremely large voids develop. Further detail
is given in Fig. 12 where the pore size distribution evolution is
shown. The pore size distributions after 24 h and 100 h are very
similar to the 500 h case with a strong peak in pore sizes between
10 and 100 um? at the edge and lower numbers of pores of all sizes
in the centre.

The reason for the difference in porosity between the central
portions and outer areas of the chip may be linked to the original
placement process. When a highly loaded paste is compressed
(squeeze film flow), there is a tendency for the particulates to flow

Fig. 6. EBSD images of 24 h sample showing (a) lattice orientation of grains. (b) SEM image of (a) showing grain and twin boundaries, where in the online version red lines
indicate high angle grain boundaries (>15°) and blue lines potential coherent twin boundaries. The scale bar does not apply to vertical dimensions as the sample was
subjected to a tilt during the measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Ag substrate at edge of die: (a) control. (b) 24 h. (c) 100 h. (d) 500 h.
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Fig. 9. Variation of porosity across die for (a) 24 h. (b) 100 h.
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Fig. 10. Ag substrate at die centre: (a) control. (b) 24 h. (¢) 100 h. (d) 500 h distributions (chip detached from substrate during sectioning).
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out of the gap at a slightly reduced velocity compared to the liquid
component of the paste [36]. This will cause the effective volume
fraction of particles to increase at the centre of the joint and to
decrease at the edges. This is observable in the placement process
as a distinct increase in paste viscosity. When sintering occurs the
inner regions, being denser and possibly with some particle-parti-
cle contact already having occurred, have a lower porosity than the
edges. The minimum extent of the porous zone penetration under
the chip measured from the cross sections was 54 pm while the
maximum was 319 um. The average was 174 microns.

4. Conclusions

Enhanced atomic mobility at the storage temperature of 300 °C
has led to changes in microstructure of the sintered Ag on both Ag
and Au substrates. In the case of the Ag substrate, increase in con-
tact area between the plated Ag and the sintered Ag has led to an
increase in shear strength. Immediately after sintering a fine por-
ous structure develops, but after 24 h ageing, the small pores have
decreased in number, and the overall porosity also decreases
slightly. Larger pores remain and grow under the centre of the
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die. The porosity levels are well below 30%, and the porosity is con-
sistently higher at the edges of the die compared to the central
region.

In the case of the Au substrate, Au diffusion from cracks within
the Au layer has led to void movement away from the Ag/Au inter-
face to form a high porosity layer that weakens the joint. The exact
role of the twin boundaries in facilitating void migration is a topic
of further research, but Au is seen to diffuse along grain boundaries
in the Ag with a high lattice orientation mismatch. Subsequent
grain boundary migration leads to the presence of Au deep inside
the sintered Ag grains. From a practical perspective, unmodified
industry standard plated thick Au is not a suitable substrate for
pressure-free sintered Ag for applications at temperatures of
300 °C or higher; a result also confirmed recently by Yu et al. [37].
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Addendum to Chapter 5

For the benefit of readers on the type of compositional analysis technique used for Fig. 7
it is added here that Energy-Dispersive X-ray spectroscopy (EDX) has been utilised.

The video mentioned for Figure 4 can be accesses at:
https://doi.org/10.1016/j.jallcom.2014.08.062
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shear strength for at least 1000 h storage at 450 °C and at least 100 h storage at 600 °C. The random porosity
of standard pressure-free sintered silver die attach is converted into single voids at the center of each mesh
cell and can be controlled by the mesh geometry.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

There is growing interest in solutions for attaching wide-bandgap
semiconductor die to substrates in order to manufacture functional
electronics for applications where the temperature at the die exceeds
300 °C. Two examples of applications for such high temperature elec-
tronics are deep oil and gas exploration, and power semiconductors de-
vices, in which operating temperatures of more than 400 °C may be
required [1]. Current research is focused on three main areas; sintering
nanoparticles [ 1-4], high gold content solders [5-6], and solid-liquid in-
terdiffusion (SLID) bonding [7-9]. However, these techniques suffer
from various disadvantages. For example, solders have a higher process-
ing temperature than their operating temperature, which results in for-
mation of residual stresses inside the joint [ 10]. SLID systems suffer from
reduction in their mechanical strength at high temperatures [11], while
sintered nanoparticle techniques are in their infancy and questions re-
main over their long term reliability [3].

In this study, the interaction at the interface between sintered silver
and gold has been utilized to design a die attach for high temperature
applications that is thermally stable i.e. does not degrade at high tem-
peratures. The fundamental interaction is shown in Fig. 1. Fig. 1
(a) shows cross-section of sintered silver on top of a gold substrate.
After storage of such assemblies at 300 °C, fast migration of silver and
gold occurred resulting a dense and mostly void free interdiffusion
layer at the interface (Fig. 1(b)) [12]. This effect can be explained by
the preference of gold and silver to mix to minimize the free energy in

* Corresponding author.
E-mail address: sa.paknejad@kcl.ac.uk (S.A. Paknejad).

http://dx.doi.org/10.1016/j.matdes.2015.10.074
0264-1275/© 2015 Elsevier Ltd. All rights reserved.

the system, since the mixing energy of silver and gold is minimized at
50% concentration of each element [13]. In addition, due to presence
of a high concentration of grain and twin boundaries inside sintered sil-
ver [10], silver and gold atoms can easily migrate inside the sintered
structure extending the interdiffusion layer. In particular, movement
of silver across the pore surfaces towards the gold rich interdiffusion
zone results in movement of pores in the opposite direction away
from the interface. This effect has been further investigated elsewhere
[10].

The interdiffusion layer appears to retain its mechanical strength
and remains stable at high temperatures [12]. On account of this inter-
esting property, an attempt was made to form a continuous vertical
solid-solid interdiffusion layer extending from the die to the substrate
producing a thermally resistant attachment for the die. The concept
shown in Fig. 2(a), involving a gold mesh structure with vertical walls
and silver nanoparticle paste, was developed in order to test the idea.
Storage of the assembly at elevated temperature was used to activate
the interdiffusion between the gold and silver. Fig. 2(b) shows the con-
ceptual implementation of this technique. After high temperature stor-
age the assembly should theoretically develop into the structure shown
in the conceptual Fig. 2(c). The structure should then only further
evolve into a more stable mixture of gold and silver during further expo-
sure to high temperatures.

2. Experimental
For a practical demonstration of the interdiffusion layer extending

from the die to the substrate commercially available gold meshes from
Gilder Grids were utilized. These meshes were not the ideal geometry
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Sintered
silver

1 pm

Fig. 1. Cross-sections showing formation of a dense interdiffusion layer at the interface of sintered silver and gold mating surface. (a) SEM image of cross-section before storage at high
temperature. (b) SEM image of cross-section after storage at 300 °C for 24 h. (c) TEM image of interface between gold substrate and sintered silver die attach of sample shown in (b).
(d) Elemental map of (c) with yellow representing gold such that the area marked “A” shows Au penetrating into the silver and the darker area marked “B” represents penetration of silver

into the gold metallization.

for this task, but even so have produced very promising results. The sub-
strates and die were both cut from W/Ni/Au metalized cofired alumina.
For shear strength tests, some die were cut into rectangles measuring
2 mm by 1 mm (450 °C tests) and the remainder into 3 mm by 1 mm
rectangles (600 °C tests). Silver paste was manually dispensed onto
both the die and substrate surfaces. The silver paste used was a com-
mercially available nanoparticle silver paste designed for use in
pressure-free die attach produced by NBE Tech; NanoTach® X. After de-
position of the paste, the mesh is placed on top of the substrate and the
die placed on top of the mesh. Light manual pressure was applied to the
die to squeeze the mesh into the paste layers. To perform the sintering
the samples were ramped slowly from room temperature to storage
temperature (450 or 600 °C) at a ramp rate of ~0.5 °C/min. Two different
mesh structures with a square cellular geometry or with parallel walls
have been utilized, with the dimensions of the parallel walled mesh
chosen for shear strength trials shown in Fig. 3.

The assemblies were stored inside a furnace for a range of tempera-
tures and times in air after the initial sintering step. Some samples were
then cross sectioned and others used for shear test trials. The cross sec-
tioning was performed by potting in a low temperature cure resin,
grinding with silicon carbide papers followed by 3 um and 1/4 micron
mono-crystalline diamond suspension polishing. The cross sections
have been observed optically and also using a Scanning Electron Micro-
scope (SEM) (Hitachi S4000) coupled with Electron Dispersive X-ray
(EDX) for elemental analysis. Eight samples were prepared for investi-
gation of shear strength after high temperature storage. The first four

samples were prepared for storage at 450 °C for 75 h; two with the
mesh and two without. Two samples with mesh were stored at 450 °C
for 1000 h and the final two samples with mesh were stored at 600 °C
for 100 h. The shear strength tests were carried out using a NANO 17
ip65 force sensor produced by ATI Industrial Automation.

3. Results and discussion

Fig. 4(a) shows a top view of a square mesh before filling with paste,
and Fig. 4(b) shows the top view after filling with silver paste and stor-
age by ramping from room temperature to 400 °C 0.1 °C/min and then
cooling down back to room temperature in order to enable the interdif-
fusion effect anticipated in Fig. 2(c). Shear testing was carried out on the
parallel mesh samples and Fig. 4(c) shows a cross section of such a mesh
after storage at 450 °C for approximately 24 h, indicating that the con-
tinuous interdiffusion layer extending from substrate to die has formed.
Previous work [10] details the diffusion mechanism for silver and gold
interdiffusion. It was found that there is simultaneous diffusion of gold
into the silver and silver into the gold. In particular, it was found that
the silver initially penetrates the gold at gold grain boundaries, and
that these grain boundaries extend into the sintered silver, leading to
rapid diffusion pathways for gold to penetrate into the silver (see Fig. 1).

An SEM image of Fig. 4(c) is shown in Fig. 5(a), while the SEM image
of the corresponding sample after storage at 450 °C for 1000 h is shown
in Fig. 5(b) and elemental composition of the various layers shown in
Fig. 5(c¢). The results show that the mesh has alloyed with the sintered

98



1312 S.A. Paknejad et al. /| Materials and Design 89 (2016) 1310-1314

(@)

Substrate and Die

Gold Coating
Void

I I II II I I I I I I I I Inter-Diffusion Layer

Gold Die

.
A A

old Substrate m=yGr - w——

Fig. 2. Conceptual images of the die attach assembly. (a) Schematic cross-section of a die attach assembly, where inserts (mesh) are used for formation of a continuous interdiffusion layer
from die to substrate as the main part of the die attach. (b) Conceptual cross-section of a die attach assembly showing the pre-formation of the continuous interdiffusion connection.
(c) Conceptual cross-section of the die attach assembly after storage of the assembly in (b) at high temperatures and forming the continuous interdiffusion layer. (d) Arrows labeled
“D" showing schematic diffusion pathways of gold and silver. (e) Showing the formation of the thermally stable structure after complete diffusion of silver and gold. (Images (b) to

(e) are edited versions of the SEM images of samples shown in Fig. 1.)

Ag and formed a single interdiffusion layer with composition predomi-
nantly Ag at the edge of the wall and predominantly Au at the center,
but that with the increasing storage time the composition becomes
more homogenous. In particular, while points 1 and 2 show 30% change
in atomic Au content between the wall center and edge after 24 h,
points 3 and 4 show this difference in composition reduced to 16%
after 1000 h. Further storage is expected to reduce the difference to
zero due to continued diffusion, with the effective diffusion coefficient
found to be 1.1 x 10~ '® m?/s in the gold/sintered silver system [10]. It
can be seen from Fig. 5(a-b) that the die attach system has withstood
450 °C extremely well and the Au mesh/sintered Ag behaves as

predicted. At this temperature however the Ni metallization has dif-
fused into the Au/Ag layer and oxidized so that reduction or elimination
of the Ni layer may be desirable.

For the two samples without mesh stored for 75 h at 450 °C the die
fell off during handling of the samples, resulting in an effective shear
strength of zero at these extreme temperatures. The shear strength re-
sults of the parallel mesh samples are shown in Fig. 6.

Due to the poor properties of the mesh such as variation in the mesh
wall heights, these results are not uniform. However, by comparing
with the shear strength results of the two 450 °C storage samples stored
for 75 h, it may be inferred that the die attach assemblies are at least not

o

14.8-15.9 pm

e il

Fig. 3. Optical images of the parallel walled mesh. (a) Top view of mesh. (b) Cross-section of the mesh.
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Interdiffusion
Layer

Mesh Walls

Substrate

Fig. 4. Formation of continuous interdiffusion layer around the mesh walls. (a) Top view of a square mesh. (b) Top view of (a) showing the interdiffusion layer around the mesh walls
(c) Cross-section of parallel mesh sample similar to Fig. 3(c) showing a continuous interdiffusion layer formed from the die to substrate.

deteriorating during high temperature storage and that the shear
strength may even be improving. Theoretically, these assemblies
would only evolve towards a more stable structure due to further inter-
diffusion between gold and silver. Longer storage of the samples at 600
°C was not possible as the die and substrate formed cracks inside their
structures after the initial 100 h.

In the present work there is no CTE mismatch between the die and
the substrate as both are made from the same material. Future work is
therefore needed to examine the effect of high temperature storage
and temperature cycling on shear strength in the presence of a CTE mis-
match. The presence of porosity in sintered silver is normally considered
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a positive aspect in this regard [14] as the porosity makes the material
more compliant. The present design replaces random pores with single
voids located at the center of each mesh cell, and with void volume de-
termined by mesh wall thickness and spacing, and hence this aspect of
the die-attach system can be used to further mitigate against CTE mis-
match. For example a higher density of mesh walls at the center could
enhance mechanical strength there while a lower density of walls fur-
ther away from the center could lead to a more compliant structure to
compensate for CTE mismatch between the die and substrate. The
bond line thickness is determined by the thickness of the mesh and
hence mesh design can also be used to deliver the optimized bond

40um Electron Image 1

IO O O O
SO |IS|Oo|IS

~
&)
o
o
&
=)

Fig. 5. SEM images of the assembly cross sections (a) Sample stored at 450 °C for 24 h, (top left corner showing optical image of original mesh wall). (b) Sample stored at 450 °C for 1000 h.

(c) Elemental composition (atomic %) of the points shown in (a) and (b).
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Fig. 6. Average shear strength results of assemblies made using gold meshes.

line thickness which is found to mitigate against CTE mismatch. As de-
scribed, the current assembly method is suitable for low throughput ap-
plications, such as those in the downhole oil and gas, and aerospace
industries. Extension to higher throughput applications such as auto-
motive would require further development of automated mesh place-
ment and stencil printing of silver paste into the mesh which is
outside the scope of the current work.

4. Conclusions

In summary, by addition of a gold mesh inserted between die and
substrate in the presence of silver nanoparticle paste, a continuous in-
terdiffusion layer has been formed that extends from the die to the sub-
strate after sintering. The samples survive harsh high temperature
treatments in contrast to samples without the mesh insert and the con-
tinuous interdiffusion layer establishes a thermally resistant connec-
tion, which can withstand long operating times at high temperatures
without degradation of shear strength. Such die attach may provide
lower initial shear strength compared to conventional sintered silver
die attach as the mesh would reduce the volume percentage of sintered
silver. However, after high temperature aging of conventional sintered
silver the structure goes through unpredictable changes usually leading
to loss of mechanical strength as reported in this work using Au metal-
lization without a mesh and also reported by Yu et al. [15] for a variety of
metallizations. In contrast the die attach concept presented in this
work evolves towards a predictable thermally stable structure, with
gradual incorporation of the mesh into the bonding structure, leading
to retention and enhancement of mechanical performance at high

temperatures. In addition, by control of the mesh size and density me-
chanical properties may be altered as desired.
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7 Conclusions and recommendations for further work

The requirement for a high temperature die attach material for wide-bandgap
semiconductors has been strongly felt in recent years. The future requirements for die attach
include withstanding high temperatures of at least 300 °C while surviving thermal and

mechanical stresses and vibration.

There are some potential materials available currently, but they mostly suffer from
inherent limitations, excluding sintered silver nanoparticles, which so far have not exhibited
any fundamental issues preventing it from becoming a suitable high temperature die attach.
The main issue related to sintered silver die attach is the limited knowledge about its
complicated behaviour at high temperatures and the physical mechanisms in operation during
interactions with its surroundings. By understanding these behaviours or halting them at the
operating temperatures, silver nanoparticle based material might become a suitable die attach

for harsh environment applications.

In this project, suitability of sintered silver as a high temperature die attach has been
investigated. Initially the physical mechanisms of evolution of sintered silver at high
temperatures have been studied, indicating very unpredictable high temperature behaviour in
the time period investigated. However, a new technique for production of sintered silver
structures, withstanding temperatures up to 400 °C, has been proposed and approved. Then,
the high temperature interactions of sintered silver with two common metallizations of
electronic devices have been explored. The main point of that observation was that storage of
these die assemblies on silver metallization did not indicate any reduction to shear strength
even after 500 h storage at 300 °C, while the internal structure of sintered silver evolved
considerably. On the other hand, the high temperature behaviour on gold metallization has
shown very fast diffusion of silver atoms towards the gold metallization, resulting in
considerable reduction in shear strength after just 24 h storage of the assembly at 300 °C.
Finally, this fast migration of silver atoms towards the gold metallization considered a
disadvantage, has been utilised positively to establish a thermally stable die attach for high
temperatures. This new die attach has produced the same shear strength after storage at
450 °C for 75 h or 1000 h, or even 600 °C for 100 h, indicating a thermally stable die attach.
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The following sections will summarize the main findings in this project and its second
section will recommend some potential routes for furthering the research. In addition, there

will be a brief verdict of this project in the final section of this chapter.
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7.1  Summary

The main finding of this project will be presented in the following subsections. These

subsections are organised by order of main body Chapters 3 - 6.
7.1.1 Microstructural evolution of sintered silver at elevated temperatures

The high temperature behaviour of sintered silver has been continuously investigated
in situ in a newly designed experimental setup at temperatures from 250 - 400 °C. These
observations showed rapid grain growth intervals combined with periods of steady average
grain sizes before another rise of average grain sizes. By detailed study of the physical
mechanisms of grain growth, the activation energy for grain growth has been calculated as
52.5 + 2.5 KJ/mol. By comparing this result with the observations on free surface of sintered
silver and with published work on this topic, it has been postulated that there exists a
passivation layer of silver oxide on the free surface of sintered silver resulting in a stable
structure up to about 400 °C, which has been further confirmed in the next chapter.
Therefore, a proposal has been made to investigate possibility of growing silver oxide on the
internal structure of sintered silver to establish a die attach with potential of staying stable for

temperatures up to 400 °C.

e In-situ observations of thermal grain growth

e Fast grain growth intervals are followed by relative stability of average grain
sizes before another grain growth phase

e This complex behaviour limits the ability to assure long-term reliability from
standard tests

e The passivation layer resulting in thermal stability up to 400 °C appears to be

silver oxide.

7.1.2 Ultra-stable sintered silver die attach for demanding high power/temperature

applications

The sintered structure of silver has been stabilised using a novel oxidising technique.
By placing water inside the oven next to the die attach assembly at 150 °C for 24 h, the
produced steam has been able to oxidise the internal structure of sintered silver and stopped
the microstructural evolution, which also applies to samples that were dipped inside water for

10 min. In addition to the main evidences for nature of the passivation layer presented inside
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this chapter, such as references [6] and [7], which indicated stability of silver oxide up to

400 °C [6, 7] and its effect on stability of silver microstructure up to this temperature [7],
further evidence can be mentioned as Energy Dispersive X-ray (EDX) results presented in
Appendix A2 and observations of presence of Ag-O bonds in X-ray Photoelectron
Spectroscopy (XPS) performed by Mr Khalid Khtatba on surface of sintered silver exposed to
atmosphere, which is being prepared for publication. The oxidation treated samples were
stable even at 400 °C, which have previously showed massive microstructural changes

without this treatment.

e The internal structure of sintered silver has been successfully oxidised with
water or steam

e This technique produced the same effect as the atmosphere, which stabilises the
surface of sintered silver, but this treatment can stabilise the material even
inside the structure

e The steamed structures withstood the whole course of aging for 24 h at 400 °C

e On the other hand, sintered silver without this treatment would start

microstructural changes at 250 °C in less than an hour.

7.1.3 Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on

Ag and Au substrates

The high temperature interactions of sintered silver with silver and gold metallization
have been investigated. The interactions with silver substrate have resulted in increased
contact points of sintered silver with the metallization slightly increasing the shear strength
during storage at 300 °C for 500 h. On the other hand, the storage of sintered silver on gold
metallization at 300 °C has led to formation of horizontal voids along the die attach reducing
the shear strength of the joint over time. This behaviour is severe for sintered silver
structures, because of existence of many twin and grain boundaries inside such structures,

which have been observed by TEM.

e Presence of gold metallization results in fast mass migration of silver atoms
towards the interface at 300 °C
e The fast migration leaves horizontal voids along the die attach

e Consequently, the shear strength of the die attach reduces over time
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e The shear strength of sintered silver on silver metallization increased slightly

over time at 300 °C.
7.1.4 Thermally stable high temperature die attach solution

In Chapter 6, a new technique to establish a thermally stable die attach has been
investigated. The die attach here is produced using an interposer inside the die attach
assembly forming a solid-solid interfusion layer continuous from the die to the substrate. This
technique enables the die attach to move towards a stable structure at high temperatures,

which can be designed by the structure of the interposer.

e Thermally stable die attach as a result of continuous inter-diffusion layer

e The shear strength after high temperature aging has not reduced

e The final structure of die attach can be specially designed allowing for
optimization of mechanical properties, including possibly stress relief on the
die

e The inter-diffusion and void evolution is controlled, resulting in high
reliability.

The main points of the conference paper are also summarised below.

7.1.5 Factors influencing microstructural evolution in nanoparticle sintered Ag die
attach

In this study it has been discovered that high temperature behaviour of sintered silver
differs significantly when exposed to atmosphere or when not exposed. It has also been
observed that the rate of grain growth over time for unexposed sintered silver differs greatly
for temperatures in the range 200 - 350 °C compared to the 400 - 500 °C range. In addition,
200 °C storage of sintered silver for 5 h has not indicated any changes to microstructure

showing potential for applications up to 200 °C.

e Significant high temperature behaviour difference between surfaces exposed
and not exposed to atmosphere

e Presence of a passivation layer on exposed surface to the atmosphere resulting
in thermal stability up to 400 °C

e Much faster grain growth rate after 400 °C of unexposed sintered grains
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e Thermal stability up to 200 °C.
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7.2 Recommendations on future work

The following subsections will present recommendations for further work for each of

the three main areas investigated in this thesis.
7.2.1 Microstructural evolution inside sintered silver at high temperatures

The most interesting finding of this study was the understanding of the difference
between the exposed and non-exposed surfaces of sintered silver. The exposed surface had a
higher thermal stability than the internal structure of sintered silver. Therefore, development
of a new silver nanoparticle paste to oxidise the internal surface of sintered silver during the

sintering process might produce a thermally stable die attach for applications up to 400 °C.

7.2.2 Ultra-stable sintered silver die attach for demanding high power/temperature

applications

The stabilisation of the microstructure observed in this work should be investigated
against mechanical strength tests to confirm that retaining the microstructure would also
preserve the mechanical properties of the die attach. In addition, as the stabilisation is
through oxidation of silver atoms on the surface of sintered silver structure, it would be
recommended to also confirm the benefits of the stabilisation on prevention of

electromigration and silver tarnish from the presence of sulphur.

7.2.3 Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on
Ag and Au substrates

The main question remaining in this study for the author was determination of the
different mechanisms of diffusion of gold or silver atoms inside the sintered silver structure.
Understanding the surface composition of sintered silver inside the pores can make a
significant contribution to understanding the diffusion mechanism. Consequently, performing
X-ray Photoelectron Spectroscopy (XPS) on the internal pore structure of sintered silver

could yield further insight.
7.2.4 Thermally stable high temperature die attach solution

For the die attach system using interposers, investigations with a specially designed
mesh structure for increased shear strength are recommended. Practical tests of the idea
involve designing and producing meshes with different designs and running reliability trials,

108



such as shear strength and thermal cycling tests. Computer simulations could also be useful in
determining the optimized mesh design. Investigating cheaper materials, such as nickel and

bismuth which would undergo similar interactions as silver and gold, could help in reducing
overall cost of the die attach.
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7.3 Final Verdict

According to the authors opinion, silver sintering appears to be a suitable technique for
production of die attach materials for harsh and dynamic environments up to 200 °C if used
without further modifications. Sintered silver appears to provide a high mechanical strength
with good flexibility to reduce stresses on the die and to withstand high number of thermal
cycles. For applications above 200 °C, an easy oxidation treatment step can be implemented
into the processing procedure to stabilise its structure against thermal evolutions, which
would, in authors opinion, retain its mechanical capabilities as well. Nevertheless, the
additional oxidising step found should also be used for applications below 200 °C, as it would
bring further assurances on stability of the sintered material, and it could be easily applied by
only dipping the material inside water for 10 min. Therefore, the advantages of sintered silver
nanoparticles, such as its high mechanical strength, high flexibility and pressure-less
sintering, can be used up to 400 °C with this additional fast and easy processioning step.
However, for applications requiring higher operating temperatures, utilisation of a continuous
interdiffusion layer from die to substrate, which can be easily formed with addition of an
interposer would be recommended. This technique has been shown to retain mechanical
strength even at 600 °C storage, at which ceramic substrate would decompose into ash. This
technique is also a pressure-less sintering process, and it has high potential for many different
applications as mixture of other materials to reduce cost or to increase the high temperature

capabilities even above 600 °C are not far from applicable.
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Abstract
The behaviour of sintered silver die attach at high temperature has been investigated. Assemblies were
made by sintering a commercially available paste composed of Ag nanoparticles with zero applied
pressure on the die. The morphology of the cross sectioned surface of assemblies remains stable even at
temperatures of up to 400 °C. This behaviour remained consistent even inside vacuum or after acid
cleaning of the free surface. In contrast, the same sintered Ag material in the interior of a joint or sintered
under a glass cover slip showed rapid microstructural changes even at 300 °C. These samples were
investigated using an optical microscope to analyse the changes in the microstructure after storage at 200
to 500 °C. The observations showed a 20% increase in silver grain size after only 5 h storage at 300 °C.
However, in the case of a free surface, no changes were observed after 60h storage at 400 °C. These
observations were combined with DSC experiments in order to suggest the cause of the difference in
behaviour. The results suggest ways of stabilizing sintered silver materials so that they can be used in
applications up to 400 °C without significant structural changes occurring in the material.

1. Introduction

The intended operating temperature for
near future electronics in many applications
such as oil and gas exploration, aerospace,
and automotive can be as high as 300 °C.
The current available die attach materials for
such applications have disadvantages such
as high homologous temperature or high
lead content in case of high temperature
solders or sharp reduction in mechanical
strength in case of Solid Liquid Inter-
Diffusion (SLID) bonding materials [1].

To overcome these issues, many
researchers have been trying to develop a
technique using sintering of nanoparticles
[2-5]. In this case the small size of
nanoparticles contribute to a high surface
energy and therefore lower melting and
sintering temperatures. For instance, 2.4 nm

silver particles have a melting point of about
only 350 °C [2], which can be compared
with the 961°C melting point of bulk silver.
In this case as the processing temperature
can be lower than the operating temperature,
the issues with the homologous temperature
can be avoided.

While many studies have been
performed on sintering of nanoparticles [6,
7], or the general mechanical features of
sintered structures [8, 9], only a small
number of these studies are focused on high
temperature behaviour of sintered silver at
or above 300 °C [10-13]. In the present
study in-situ observations of morphological
changes on sintered silver have been
performed. The conclusions suggest possible
routes to enable sintered silver to perform in
extreme high temperature applications.
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2. Experimental

Two silver nanoparticle pastes intended
for  pressure-less sintering  processes,
NanoTach® N and NanoTach® X from
NBE Tech have been used for these studies.
NanoTach® N is only recommended for die
sizes of up to 3x3 mm, whereas NanoTach®
X is recommended for die sizes up to 10x10
mm. All the samples have been produced
under zero applied pressure and by
following the recommended sintering
profiles.

Sample set 1, was prepared by
assembling Ag backed Si die onto Ag
backed Si substrates, using NanoTach® N
paste. The samples were mounted using a
hot mounting resin, LevoFast from Struers
after the sintering, this resin being chosen
because it was capable of withstanding high
temperature storage. The samples were cross
sectioned and mechanical polished using
silicon carbide cloths followed by diamond
suspensions of 3 and 0.25 um diameter.
They were then put into high temperature
storage in order to track the shape evolution
of individual pores and grains at the cross
sectioned surface. The samples were stored
at 300 °C for periods of 1, 3, 4, and 20 h.
Previous studies using identical pastes and
die, but with the cross-sectioning carried out
only after high temperature storage indicated
that significant changes in pore and grain
shape should be expected [11,13].

Three other sample sets were produced
using NanoTach® X paste. Sample set 2
was produced by manual paste deposition
onto glass slides followed by cover-slip
placement on top of the paste (substituting
for die placement). The cover-slips were

produced by Menzel-Gliaser with 150 pm
thicknesses, and they were cut into 10x10
mm squares. These samples were then
observed pre and post high temperature
storage at 200, 300, 350, 400, 450, and 500
°C in air to analyse and compare the
microstructural changes of constrained
sintered silver under the cover-slip. Sample
set 3 was prepared by stencil printing of
NanoTach® X into wire shaped gaps with
150 um thickness and width and with ~4
mm length. These samples were prepared in
order to observe the changes of the
microstructure on a planar free surface of
sintered silver, without exposure to the cross
sectioning process of sample set 1. These
samples were kept at 300 and 400 °C inside
5 mPa vacuum and at 450 and 500 °C in air.
The final set of samples were prepared by
deposition of the paste inside custom-made
glass sample holders, see Fig. 1 below.
These sample holders were designed for
surface cleaning of the sintered silver
samples in 20% concentration perchloric
acid. The newly cleaned surface was kept
under deionised water for protection against
atmosphere until transfer to a vacuum oven.
This set was stored at 300 °C inside about
40mPa of pressure for 5 h. Table 1 lists the
materials used in each sample set together
with the intended experiment.
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Sintered Silver inside
the curved surface

Fig. 1. Customized glass sample
holder for surface contamination
removal process and protection of the
sample against atmosphere by merging
under deionized water. The silver wire
coming out of the sample holder has

A Hitachi S4000 Scanning Electron
Microscope  (SEM) was used for
investigating the free surfaces of sintered
silver samples. For the samples sintered
under cover-slips a Zeiss Axio Lab.Al
optical microscope has been utilized. The
produced images were then further analysed
using the Image processing toolbox in
Matlab and Imagel] 1.46r. The Samples of
NanoTach® X paste both pre and post
sintering were analysed using a Differential
Scanning Calorimetry (DSC) (Mettler

Tol DSC822e).
been intended for charge removal elees RGRa)
Sample set . Paste type and )
P f P M
No. urpose of experiment surface dimensions reparation Method
; Recommended sintering
Free surface observation after
1 P —— NanoTach® N profile after manual paste
: . ’ = 2.5%2.5 mm deposition and die
once cross sectioned
placement
Constrained surface Recommended sintering
. . NanoTach® X profile after manual paste
2 observation after high .. .
10x10 mm deposition and cover slip
temperature storage
placement
'Free surface 0b§erYat10n NanoTach® X Recom'mended smte'rlng
3 without cross sectioning after profile after stencil
i 150 pm x4 mm .
high temperature storage printing of the paste
Free s_urface o.bservatlo.n after NanoTach® X Recommended sintering
4 acid cleaning and high i o profile after paste
temperature storage - deposition

3. Results and Discussions

The cross-sectioned sample, sample set 1,
did not indicate any changes in the morphology
of sintered silver even after overall storage of 30
h at 300 °C, vividly contrasting with previously
reported observations [11-13]. The difference
here was the order of procedures, in that cross
sectioning was performed before aging at high

temperatures. Therefore, sample sets 2-4 have
been produced to investigate  whether
contamination from cross-sectioning or exposure
to air was the primary cause of the difference in
microstructural behaviour.

Sample set 2 was produced in order to
eliminate the various environmental factors that
sample set 1 had been exposed to, while still
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allowing in-situ observation of individual pore
and grain evolution. Fig. 2 demonstrates
considerable differences between pre and post
high temperature storage, observed through the
glass cover slip. While Fig. 2 (a) and (b) indicate
no apparent change in the grain structure after

5 h storage at 200 °C, Fig 2 (c) and (d) shows
considerable changes in the microstructure of
sintered silver after only 5 h at 300 °C. Fig 2 (e)
and (f) indicate a sharp rise in grain growth at
higher temperature.

»

e -
P L SN

Fig. 2. Optical images of sintered silver under cover slip stored in air. (a) before

storage at 200°C. (b) Image of same area as (a) after 200°C for 5h. (c) Image
before storage at 300°C. (d) Image of same area as (c) after 300°C for 5h. (e)
400°C for 5h. (f) 500°C for 5h.
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To quantitatively analyse the grain
growth of sintered silver during the 5 h
storage, the Matlab image processing
toolbox and ImageJ software were used. Fig.
3 shows the steps taken to perform the grain
size measurements on the optical images of
sample set 2. The data obtained from these
measurements have been plotted against
temperature to compare the grain sizes after
storage to their initial sizes, shown in Fig. 4.
It is interesting to note that the grain growth
rate increases sharply after 350 °C, and
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presence of two linear sections with very
different gradients suggests presence of two
different grain growth mechanism at those
temperature regimes. In addition, the
average grain size has increased by about
20% after 5 h storage at 300 °C, which is
unlike sample set 1 where no grain change
was been observed even after 30 h at this
temperature. Furthermore, negligible

changes to the grain sizes at 200 h indicate a
relatively stable structure of sintered silver
up to such temperatures.
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Fig. 3. Processing of optical images for grain size measurements. (a) Typical area
on sintered silver stored at 350 °C for 5h to illustrate the technique. (b) Binary
image of (a) produced in Matlab by a local thresholding technique [14] to overcome
the uneven background. (c) Watershed segmentation of (b) using ImagelJ. (d) Grain
area and quantity calculated for estimating the average grain size using MatLab
(coloured for illustration proposes).
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Fig. 4. The average grain sizes vs. storage
temperature for Sh. G, is the initial grain size
after sintering.

The third set of samples eliminated
the cross sectioning process by stencil

P

1

Fig. 5. SEM images from sample set 3 after high temperature

y W

printing of the silver paste. Therefore, the
only  contributing  factor to  any
microstructural behaviour difference to
sample set 2 and the previously performed
experiments [11-13] is exposure to
atmosphere prior to aging. Fig. 5 (a) shows
the free surface of the sintered silver before
aging, showing that it is identical to Fig 5
(b) and (c), where the samples experienced
overall aging of 40h at 300 °C and 66 h at
400 °C both in vacuum. However, additional
storage at 500 °C in air for 24 h has greatly
changed the structure of the sintered silver;
Fig. 5 (d). Performing 300 °C aging of
another sample from set 3 for 24 h in air also
did not result in any changes. While 66 h at
400 °C did not produce any changes to the
morphology, only half hour storage at 500
°C resulted in considerable changes; Fig. 6.

storage in vacuum each looking at the same area of the
sintered silver. (a) Oh. (b) 24h at 300°C. (c) Additional 16h at
300°C and 66h at 400°C. (d) Additional 24h at 500°C (not in
vacuum, and the original area was not identified).
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Fig. 6. SEM image of high temperature storage at 500°C in air. (a) Oh. (b) 0.5h
(original area was not identified).

These observations point out to the
presence of a passivating material on the
surface of the sintered silver, which appears
to prevent the surface diffusion of atoms on
their free surfaces. As a result of the arrest
of surface diffusion, the expected changes to
the microstructure are also halted. DSC
experiments on NanoTach® X show the
presence of an exothermic and irreversible
peak at around 450 °C, (see Fig. 7), which
appears to confirm the decomposition of the
surface passivating material. Further
observations on the high temperature
behaviour of sintered silver from sample set
3 have shown interesting results. As shown
in Fig. 8, storage at 450 °C for 1 h in air did
not result in any observable changes to the
structure, while an additional 1.5 h
completely changed the structure. This again
seems to be resulted by the passivating
layer, which requires the initial 1 h period to
decompose and enable surface diffusion and
consequently grain evolution. To further
investigate the passivating layer, sample set

4 has been stored inside perchloric solution
for 30 min and after cleaning, stored under
deionised water for further protection.
However, after placement of the sample
inside 300 °C for 5 h no change has been
observed indicating the possibility of
nonorganic background of the passivating
layer.
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Fig. 7. DSC of sintered silver. Ramp rate 10
°C/min and sample weight 10.5 mg.
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Fig. 8. SEM images of high temperature storage at 450°C in air. (a) Oh. (b) 1h (c)
Additional 1.5h.

4. Conclusions

It has been observed that exposure to
atmosphere of sintered silver can stop the
surface diffusion of atoms and result in
preservation of the initial structure even at 400
°C. However, the surface of sintered silver
protected by cover-slip has greatly changed
during storage at 300 °C. Therefore, if the
passivation layer could be formed on the interior
sintered silver pore surfaces, e.g. by altering the
chemical composition of the paste, it may
stabilize the microstructure and result in die
attach materials with longer lifetimes at high
temperatures than current systems.

It has also been noted that the
microstructural evolution of sintered silver
without the passivation layer increases gradually
from 200 °C to 350 °C, but from 400 °C to 500

°C the changes happen much more rapidly. In
addition, the microstructure on the free surface
of sintered silver evolves after a delay of more
than 1 h at 450 °C, which can be attributed to the
time required for removal of the passivation
layer. Furthermore, the acid cleaning procedure
indicates that the passivation layer is unlikely to
be composed of organic compounds, and is more
likely to be one of the silver oxides which can
form.

For future work, it is recommended to
perform XPS on the free surface of sintered
silver to fully determine the composition of the
passivating layer.
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. Theinterplay between porosity and electromigration can be used to manipulate atoms resulting in

. mass fabrication of nanoscale structures. Electromigration usually results in the accumulation of atoms
accompanied by protrusions at the anode and atomic depletion causing voids at the cathode. Here we
show that in porous media the pattern of atomic deposition and depletion is altered such that atomic
accumulation occurs over the whole surface and not just at the anode. The effect is explained by the
interaction between atomic drift due to electric current and local temperature gradients resulting from
intense Joule heating at constrictions between grains. Utilizing this effect, a porous silver substrate
is used to mass produce free-standing silver nanorods with very high aspect ratios of more than 200
using current densities of the order of 108 A/m2. This simple method results in reproducible formation
of shaped nanorods, with independent control over their density and length. Consequently, complex
patterns of high quality single crystal nanorods can be formed in-situ with significant advantages over
competing methods of nanorod formation for plasmonics, energy storage and sensing applications.

Electromigration (EM) is defined as the transport of atoms driven by momentum transfer from electron flow
- inside a current carrying material. This can lead to structural changes such as whisker growth and stress induced
: voids"?. Electromigration is normally depicted in a negative light, as a serious problem for Very-Large-Scale

Integration (VLSI) and Ultra-Large-Scale Integration (ULSI) electronic circuits due to the increasing current
densities that accompany miniaturization®. Therefore much effort has been directed at developing new electronic
materials, wiring designs and fabrication methods so as to minimize the effects of electromigration®. However,
electromigration has recently been used constructively as a tool for fabrication of zero and one dimensional
nanocrystals® nanostructures for local electric field enhancement in plasmonics®’, molecular-scale biochemistry
measurements®'! and to control the kinetic faceting of surface orientations that belong to the equilibrium shape
of the crystals'®. In general electromigration is affected by a large number of parameters such as current density,
temperature, film thickness, grain size and timescale!~*!3. Previous attempts to create whiskers using electromi-
gration either resulted in whiskers growing only at the anode'*!* or required precise local conditioning of the
substrate to generate localised whiskers'>!. An industrial method with control over mass production of whiskers
over an entire substrate would have applications in plasmonics'’, energy storage'® and sensing applications®*¢”7
due to the high aspect ratio and large surface area structures that could be produced.

In this work, we demonstrate that electromigration can be applied to grow a dense structure of nanorods on a
porous Ag substrate rather than the sparse nanorod formation previously observed. Electromigration in a porous
medium is also shown to result in nanorods being formed along the length of the conductor rather than being
confined to the anode as in a typical non-porous media. In addition to the high density of nanorod formation,
it is found that the density and nanorod length can be independently controlled. The ability of the process to
produce single crystal nanorods with aspect ratios exceeding 200 is also highly noteworthy, as is the production
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of high aspect ratio platelets in addition to nanorods. Furthermore, electromigration in a porous medium results
in transformation of the internal pore and grain structure, an effect which has not previously been reported but
which may have interesting technological applications in its own right. The growth mechanism of nanorods along
the length of the conductor can be explained by the interaction of the normal electron wind force' driving atoms
from cathode to anode with thermal gradients generated by the presence of the pores causing current constric-
tions. The simplicity of nanorod formation by electromigration, utilizing voltages ~7 mV across the ~500 um
length of the conducting stripe to generate high current density, may have significant advantages over other
methods of nanorod growth?” and in particular may allow complex patterns of nanorods being grown simply by
controlling the local current densities.

Results

A schematic of the EM experimental setup is shown in Fig. 1a. The nanorod density, location, size and diam-
eter are controlled by EM duration, current density and interruptions. EM was carried out on five samples
(see Methods and Supplementary information) in air, at two temperatures (ambient and 200 °C) with current
densities ranging from 2.2 x 10° to 2.45 x 10® A/m” (Table S1). The duration of the electromigration processes
was from 6-480 h. Electron microscopy (SEM and TEM) analysis reveals high quality single crystal nanorods
with diameter down to 20 nm (Fig. 1b,e). Straight nanorods occur in short duration EM experiments of up to
240h (Fig. 1b). Figure 1c shows constant diameter curly nanorods formed after long duration uninterrupted EM.
Platelets with hexagonal tips (Fig. 1d) can also be formed as a result of the initial protrusions expanding followed
by growth. The hexagonal shape indicates that the rod emerges froma [1, 1, 1] plane of the fcc Ag lattice?'*%. The
EM experiments running for 480 h (Fig. 1c,g) show that the nanorods continue to grow until the density of the
generated nanorods is high enough for them to meet neighbouring nanorods which may be responsible for lim-
iting nanorod growth to a maximum length of ~20 um (Fig. S1b-d). Figure 1g shows a high density of nanorods
with possible instances of welding between them. Previous studies have reported welding of individual silver
nanorods under high current density at the point of contact?. Increasing current density to 1.70 x 10°A m~2
results in amalgamation of grains and pores at the cathode where reduction in the number of conduction paths
leads to high localised heating and circuit failure after a short time of 18 h (Fig. S2). Increasing temperature up to
200°C in samples (for 120 and 240 h) does not result in nanorod formation after EM.

Figure 2 shows a comparison of the top surface of the Ag stripe S3 before and after EM for 240 h, at the
anode, centre and cathode. The number density of nanorods decreases steadily between anode and cathode, with
the density of nanorods at the cathode approximately one third that of the anode. This suggests that a uniform
coverage of nanorods might be achieved by simply reversing the flow of current so that both ends of the stripe
spend equal times as anode and cathode. Figure 2a—f shows the change in nanorod size distribution and number
density across the stripe. Figure 2g-i summarizes the changes in number density and average nanorod length
(not adjusted for orientation) across sample S3 for time periods of 120, 240 and 480 h. The average length of the
nanorods ranges from 400 to 550 nm and longer nanorods do still appear across the sample, with the largest rods
reaching an apparent length of 20 um (Fig. 1f). Nanorod diameter is relatively constant at 25-40 nm, with some
larger diameter rods (up to 100 nm) produced in one sample S2 (Table S1) which experienced multiple connec-
tion and disconnection events.

Characterisation of the fabricated nanorods shows the formation of good quality single crystal nanorods at
the top surface of the samples. The TEM image of the 20 nm diameter nanorod is shown in Fig. 3a,b and the
Selected Area Electron Diffraction (SAED) patterns?** are interpreted as the overlapping of [111] and [110]
zone axes which indicate a six fold symmetry previously associated with silver nanorod growth. The orientation
of nanorods with respect to the electron beam is shown in the inset of (Fig. 3b). Previous studies have suggested
that weak points in a metal oxide layer act as nucleation sites for nanorod growth?. Figure 3¢ shows Energy
Dispersive X-Ray (EDX) analysis on a nanorod and on a grain at the surface of the stripe. The bar chart shows that
at the surface of the sintered silver grains after electromigration the composition contains 8% oxygen whereas the
composition is 0% oxygen in the spectrum taken from the nanorod. These results suggest the existence of a thin
oxide layer on the surface of the silver stripe during the EM process. In order to test this hypothesis further, EM
on sample S3 (Fig. 3d,e) was interrupted after 120h for a period of 240 h and then restarted with the same current
density as before for an additional 120 h. The original rods (indicated by the red arrows) did not continue growing
after the interruption, but new rods emerged, as shown by Fig. 3f. This behaviour was repeated at other locations
and in other samples, suggesting that new weak spots in the thin oxide layer form when the samples cool down
and contract during the interruption. The spectrum of nanorods after multiple interruption (Table S1) shows
evidence of an oxide layer forming on the original nanorods which could account for the lack of growth in these
nanorods (Fig. S4).

While there is no change in surface grain morphology during EM evident from either Fig. 2 or Fig. 3 apart
from nanorod growth, massive change in internal grain structure is seen in Fig. 3g,i. This is not purely a result of
thermal effects as shown by the control (Fig. 3h) which was stored at 200 °C for 480 h while the sample of Fig. 3i
was subjected to EM. It should be noted that the structure seen in Fig. 3i after EM was found throughout the
stripe at anode, centre and cathode and that the orientation of the elliptical grains changes throughout the stripe
and does not appear to be simply correlated with the cathode-anode axis (arrow, Fig. 3i). The contrasting surface
and interior behaviour indicates that while the oxide layer at the stripe surface prevents atomic migration along
grain surfaces, in the stripe interior, grain surfaces do not support an oxide layer that prevents surface diffusion.
Voids have not been directly detected at the surface of the porous sample, but formation of nanorods is accom-
panied by an increase in resistance (1-5%), followed by rapid resistance fluctuations and finally open circuit,
accompanied by a crack. This can be explained with reference to Fig. 3g,i where it is seen that significant internal
transformation of structure is occurring. Calata et al.?® also observed formation of cracks at locations where the
current density increases abruptly and attributed this to high atomic flux density in those regions.
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Figure 1. Schematic of experimental setup and different types of nanorod fabricated via the EM process.
(a) Schematic diagram of porous sintered silver stripe and the EM experimental setup. SEM image top left
shows side view of nanorods at high current density regions (2.34 x 10® A/m?), and SEM image top right shows
alow current density region after 240 hours. (b) SEM micrograph of straight silver nanorods under current
density of 2.45 x 108 A/m? after 240 hours (uninterrupted). (c) SEM micrograph of curly nanorods under
current density of 2.24 x 10® A/m? (uninterrupted) for 480 hours. (d) SEM image showing mix of nodules,
nanorods and platelets at current density of 2.34 x 10% A/m? after 240 hours (interrupted). (¢) TEM image of

a typical 20 nm diameter nanorod. (f) SEM image of nanorod with high aspect ratio ~200 generated on the
substrate after 240 hours continuous EM. (g) SEM image of the nanorods growing until their density is high
enough to meet neighbouring nanorods.

Thermal gradients are known to affect the divergence of the atomic flux and hence void and hillock (or nano-
wire) formation in EM experiments due to the dependence of electrical resistivity with temperature'>?. In order
to calculate the magnitude of thermal gradients, electrical resistivity measurements of the stripe were performed
using the four point probe method as the current was varied and the temperature in the stripe calculated using the
coefficient of electrical resistivity variation with temperature. As an example, it was found that a current density
of 2.4 x 105 A/m? resulted in a temperature rise of 83 °C.

The experimental determination and modeling of temperature distributions at the scale of the stripe and the
scale of individual grains are shown in Fig. 4a,b. The temperature calculations for all samples from experimental
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Figure 2. Comparison of nanorod formation in anode, centre and cathode regions. Comparison of size
distribution and number density of nanorods on the sintered silver stripe taken (a-c) before and (d-f) after
applying current at (a,d) anode, (b,e) centre of stripe and (c,f) cathode under current density of 2.45 x 10*3 A/m?
after 240 hours. The graphs (g-i) represent the number density of nanorods versus their length at the anode (g),
centre (h), and cathode (i) regions of the corresponding images after 120, 240, and 480 hours, respectively.

results are in good agreement with temperature calculations using the Finite Element (FEM) model (details in
Methods). SEM images of porous silver (Fig. 4c) have been used to construct a simple numerical model of current
flowing between grains via a constriction and the resulting temperature gradients are shown in Fig. 4d. The results
indicate high values of temperature gradients at the outer edges of the grains and especially near the constrictions.
The atomic flux divergence (accumulation rate of atoms) is proportional to the dot product of atomic flux density
and the temperature gradient'*??, J'. V Tand hence the numerical simulations (Table $2) can be used to esti-
mate the rate of atomic accumulation due to the local temperature variations at grain level in order to test the
hypothesis that these variations, together with the stripe level variations (Fig. 4a) are responsible for the observed
pattern of nanorod growth across the stripe.

The number of atoms deposited on a grain surface is estimated from the volume of nanorods in SEM images
taken from two similar sized grains after two consecutive EM time periods of 120 h. The experimental results are
then compared with the atomic flux divergence model. We have taken the temperature gradient value from FEM
simulations to calculate the Atomic Flux Divergence (AFD) using the portion of atomic flux from Eq. 3 due to
electromigration, Jj,, 5%:

Div(Jy,,) = [ B, Jcaz*e"

—% — —|=-—=D, exp[—:—;]Z.VT

k> T) kT (1)

The value of the AFD (Div (], )), representing the number of atoms deposited per unit volume and in unit time,
has been calculated as 3.46 x 10" atom/m?/s using the values in Table S2 as an input. Multiplying the AFD by the
volume of the grain and timescale of EM (120 h and 240 h) results in an estimate of the number of atoms depos-
ited in a grain and is compared to values measured from SEM images in Fig. 5 experimentally in Table 1.

Discussion

The anomalous Ag nanorod formation at anode and central locations can be explained by the presence of complex
thermal gradients generated by Joule heating in the constrictions between grains. An analysis based on Fick’s laws
of diffusion shows that atoms should accumulate in high current density regions where thermal gradients exist
(See Methods). This calculation has considered only lattice diffusion in order to give a lower bound, explaining
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Figure 3. Characterisation of generated nanorods and the effect of the oxide layer. (a) TEM image of a
single 40 nm diameter nanorod. The selected area electron diffraction (SAED) pattern indicates a standard FCC
structure interpreted as the overlapping of the [111] and [110] zone axes®'. The orientation of nanorods with
respect to the electron beam is shown in the inset of image. (b,c) EDX spectral analysis at the positions marked
with crosses on the SEM micrograph (b) from sample with current density of 2.45 x 108 A/m? Spectrum (1)
shows oxygen on the substrate indicating an oxide layer whereas the nanorod spectrum (2) shows no oxygen.
(d) Formation of nanorods after EM for 120 hours. (e) Disconnection and reconnection followed by another
120 hours EM; red arrows indicate the nanorods formed after the first 120 hours which all showed zero growth
after reconnection. (f) Total nanorod number density before and after disconnection/reconnection event.
(g-i) SEM micrographs of the internal structure of sintered silver (g) before EM, (h) under 200 °C heat
treatment for 480 hours showing no structural change and (i) after EM for 480 hours with a current density of
2.34 x 10® A/m?* showing massive EM driven grain restructuring.

the discrepancy in Table 1. A detailed calculation including grain boundary diffusion should result in closer
agreement between the measured and calculated values and will be the subject of further work. However, the
present work shows that the proposed mechanism of thermal gradients operating over the length scale of individ-
ual grains in combination with electromigration being responsible for nanorod growth is reasonable.

Within the interior of the sample, fast diffusion along the grain surfaces facilitates the internal grain refine-
ment observed in (Fig. 3i) while at the surface the oxide layer prevents rapid surface diffusion and allows com-
pressive stresses to build up locally, eventually leading to the observed nodule (nanodot) and nanorod formation
at weak spots in the oxide layer. We note that in a porous material therefore, electromigration can be used to
probe the chemical composition at the surface of the internal pores and in particular the absence or presence of an
oxide layer inhibiting diffusion. The Ag oxide layer is key to formation of the nanorods and explains why the ele-
vated temperature experiments failed to produce nanorods. Previously reported experimental data® shows there
are three phases of AgO, film commonly found on a Ag surface. These are a silver rich phase (phase I), mostly
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Figure 4. Temperature distribution at stripe and grains. (a) Temperature distribution within the stripe found
using FEM simulations, (b) Experimental and simulated temperature at the centre of the stripe. (c) SEM image
of silver grains for sample S3. (d) FEM simulations of the temperature gradient magnitude in two neighbouring
grains similar to those highlighted by the dotted line in (c).

Ag,0 (phase II) and finally a mixed phase of Ag,O and AgO (phase III). The Phase III is the least stable and can
easily decompose to Ag,O and O, even at temperatures below 160 °C. The elevated temperature tests and the high
current density experiment presumably lead to decomposition of the Phase III layer and prevention of the com-
pressive stress build up that is a prerequisite for nanorod formation. Similarly, the interrupted EM experiments
which lead to growth of new nanorods can be explained by the interruption allowing oxide to form on fresh
nanorod surfaces and the thermo-mechanical stresses as a result of temperature changes leading to formation of
new weak spots on the grain surfaces. The ability to modify nanorod characteristics after initial fabrication can be
used to construct sensors with nanorods grown in situ or modified in situ to optimize their sensitivity.

Conclusion

EM has been used as a constructive process leading to mass fabrication of nanorods simply by passing current
through a stripe of porous material under controlled current density. Additionally, the internal grain refinement
observed in the porous structure has no analogy in non-porous materials, and is facilitated by the large oxide free
surface area present in these porous materials. Absence of grain refinement at the surface of the substrate, EDX
measurements on the nanorods, heated samples and interrupted EM experiments all indicate that an oxide layer
on the exterior Ag surface restricts atomic diffusion here and hence allows compressive stress build up leading to
nanodot and then nanorod formation at weak points of the oxide layer. The mechanism of nanorod growth away
from the anode in a porous substrate was investigated by atomic flux divergence calculations taking into account
thermal gradients on the scale of a single grain and assuming only lattice diffusion. The calculations show that
the number of deposited atoms in a grain due to thermal gradient fluctuations is an order of magnitude lower
than observed experimentally but supports the hypothesis that grain-scale thermal gradients are responsible
for the observed nanorods once the higher atomic flux from grain boundary diffusion is taken into account.
In contrast to the exterior surface with its oxide layer constraining surface diffusion, the internal pore surfaces
in sintered silver offer fast surface diffusion pathways. This results in refining of the pore structure during EM.
Electromigration can hence be used as an in-situ probe of the surface condition of the interior pores in conduct-
ing porous media as well as a mechanism by which these pores can be transformed. Finally the experimental
approach reported here suggests that high density, high aspect ratio nanorods can be fabricated using EM with
precise control of nucleation density and size achievable by modulating the current density.
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Figure 5. Source images for Atomic Flux Divergence (AFD) calculation in Table 1 of number of atoms
deposited in two similar sized grains. SEM images of the anode region of sample S3 (a) before EM, (b) after
120 hours and (c) after 240 hours at the same location. Two similar sized grains (Grain 1 (d) and 2 (g)) were
selected to compare the calculation of atomic deposition numbers after 120 hours (e,h) and after 240 hours (f ).

120 237 x 10° 5.92 x 107 2.53 x 10° 5.85 % 107

240 4.74 x 10° 1.32 x 10* 5.06 x 10° 1.49 x 10*

Table 1. Comparison of the deposited number of atoms calculated both from the Atomic Flux Divergence
model and experimental measurements on two similar size grains on sample S3 for two different time
periods of 120 and 240 h.

Methods

Experimental. The porous Ag samples were fabricated using NanoTach® X silver paste produced by NBE
Tech, a paste used for attaching semiconductor die to ceramic substrates typically for power electronics appli-
cations. The paste consists of ~30 nm diameter Ag particles together with ligands to prevent agglomeration and
organic components to improve paste rheology. The paste is printed onto the edge of a glass cover slip to create a
simple sample geometry with a high degree of control over parameters such as length, width and thickness. The
same paste is then applied at both ends to connect gold wires at anode and cathode ends after a further sintering
step. A feature of this EM setup is that the anode and cathode is not defined by junctions with a refractory metal as
in a typical Blech setup®, but by the existence of sharp variations of cross sectional area resulting in high current
density inside the stripe and low current densities beyond the anode and cathode to form a 3D analogue of the
bow-tie structure®'. Figure 1a shows a schematic of the experimental setup. Figure Sla shows a TEM image of a
cross section through the sintered material revealing that the original nanoparticles have merged to form grains
~1 pum diameter with a high density of twin boundaries and a porosity of ~25% (see®? for further details of the
structure).
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Diffusion model of atomic accumulation and Finite Element Modeling (FEM) simulations.
Voids form during electromigration by depletion of atoms while nanorods grow in regions where atoms accu-
mulate. Based on FicK’s laws of diffusion, the governing diffusion-convection equation for atomic evolution can
be written as'>?72

—++V.=r

ot ‘ 2

where C, is the atomic concentration, J, is the total atomic flux,  is the source/sink term which in the simplest

models is given by —AC, /7 where AC, represents the excess of atoms from its equilibrium value and 7 represents

arelaxation time. The atomic flux vector contains contributions from self-diffusion, electric current (‘wind force’),

temperature gradient and hydrostatic stress gradient shown respectively as the terms in Eq. (2) 1%

Z¥pe - * Q

Ilpq¢+-97QVT—l—qvg
k,T k,T k,T

L. =-D|VC, +

(3)

where D, is the diffusivity of atoms, Z* is the effective charge, e is the elementary charge, k; is Boltzmann’s con-
stant, T is the absolute temperature, ], is the current density, Q* is the heat of transport, fis the atomic relaxation
factor, Q) is the atomic volume, and o is the hydrostatic stress. D, can further be expressed by Arrhenius law as

D, =D, exp[— E, ]

k,T (4)
where D, is the pre-exponential factor and E, is the activation energy. Equations (1-3) form the standard base for
discussion of electromigration, and have been investigated extensively for Cu and Al on-chip interconnects'>?.
Numerical estimates of the temperature gradient term in Eq. (2) show that the direct effect of the temperature
gradient on ] is negligible. However, the V. ] term in Eq. (1) leads to significant atomic accumulation or deple-
tion arising from temperature gradients via the spatial variation in D, given by Eq. (3) in the presence of a thermal
gradient. Hence knowledge of the local current density and temperature distribution is required to calculate V. J,
and nanorod growth.

To calculate the current and temperature distribution within the stripe we have used commercial FEM soft-
ware COMSOL (Joule heating module). The electrical current has been simulated within the silver stripe from the
source electrode to the drain electrode taking into account Joule heating, conduction through the glass at a cur-
rent density of 2.4 x 108 A/m?. The temperature of the bottom surface of 3000 um thick SiO, substrate on which
the stripe is located was set to the room temperature of 298.15 K. The thermal Conductivity of SiO, was given the
textbook value of 0.8 W/mK?** and the thermal conductivity and electrical resistivity of material were similarly set
at 250 W/mKand 7.33 x 1078 Q m respectively*.
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ABSTRACT: Nanoscale manipulation of atoms is desirable in
modern technologies. Atoms in a material are typically
manipulated by mechanical contact or thermal and electric
effects. The electron beam of a scanning electron microscope is
usually used for two-dimensional patterning of a substrate with
nanoscale precision. Here we report stereoscopic growth of
nanoparticles and nanorods on silver surfaces with nanometric
precision under exposure to the electron beam with precise
control over their position, size, and orientation. Nanorod
length (50—1000 nm) and diameter (30—100 nm) can be

independently controlled by adjusting the electron beam characteristics of a scanning electron microscope. Silver nanorods with
diameters as small as 30 nm with location accuracy limited only by the resolution of the scanning electron microscope have been
fabricated with repeatable orientation and size. Cascaded nanorod structures can be grown directly on other nanorods. The
results open up a number of exciting possibilities for three-dimensional, nanoscale-controlled direct fabrication of nanoparticles
and nanowires by an electron beam in situ using conventional SEM facilities.

B INTRODUCTION

Controllable fabrication of nanostructures is a cornerstone of
modern nanoelectronic, optoelectronic, and nanophotonic
technologies. Both top-down as well as bottom-up approaches
for the fabrication of nanostructured devices have been
developed.' Electron beam lithography (EBL)” and focused-
ion-beam (FIB) milling’ are two sophisticated fabrication
techniques that require specialized equipment and are primarily
limited to two-dimensional objects, while full control over
three-dimensional positioning and orientation of individual
nanostructures on planar and, especially, curved surfaces is still
in its infancy.

Here we demonstrate a stereoscopic growth of Ag nanorods
on a surface of Ag nanorods, resulting in a 3D nanostructure, in
vacuum conditions with dimensions, orientation, and position
controlled by the electron beam parameters of a scanning
electron microscope (SEM). We present results of nanorod on
nanorod formation with precise control over diameter (30—70
nm) and length (50—1000 nm) achieved by adjusting the
exposure time and nanorod positioning better than 5 nm
limited by the electron-beam spot size. Previous studies
reported that silver ions migrate in silver-containing materials
under the influence of electron beam irradiation.””"" We have
confirmed that the conventional SEM imaging mode (scanning
mode) results in randomly located growth of nodules and wires
and showed that continuous exposure to the electron beam in
the EDX mode results in formation of high-aspect-ratio
nanorods with controlled dimensions and orientations at the
chosen location. Nanoscale manipulation of atoms is desirable
for many modern technologies, and the results open up a
number of exciting possibilities for nanoscale-controlled in situ
fabrication of nanoparticles and nanowires.

v ACS Publications  © 2016 American Chemical Society

Previous attempts have successfully demonstrated the growth
of nanowires at random locations within the area irradiated by
electron beams.””'%'*"* Mesoporous zeolites show high
sensitivity to electron beam irradiation under high vacuum, and
the formation of silver nanorods with high aspect ratios of up to
3000 have been reported in studies on silver-containing
zeolites.””'”"*  Copper-containing materials can also form
high aspect ratio nanorods."” In addition to solid-phase
transitions, the effect has also been reported in the liquid
phase, using transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), and
scanning electron microscopy (SEM) techniques.s'ls_I7 For
example, silver nanocrystals have been grown from dilute
solutions of silver nitrate by STEM irradiation.'® Fine
experimental control over the initiation and the growth process
is required for practical applications of the technique for
fabrication of designer nanostructures for nanoelectronic and
nanophotonic applications.

We have demonstrated electron-beam-assisted growth of
stereoscopic structures with control over nanorod diameter,
length, and orientation and nanoscale precision in their position
on the example of a nanorod-on-nanopillar geometry using as
“a substrate” prefabricated silver nanopillars with typical
dimensions of 100—250 nm diameter and 1—4 pm length.
Hereafter, we refer to structures formed by the electron beam
as nanorods and the prefabricated base as nanopillars. The
nanopillars were formed via electromigration in a thin strip of
porous silver. Initially, the porous silver was created by sintering
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Figure 1. Nanorod growth with precise control over base location, growth direction, and size. (a) SEM image of the nanopillar (280 nm diameter
and 3.4 ym length) used as a substrate for electron-beam-induced growth. Positions of the electron beam and its drift direction are shown for the 4
initial experiments. (b) SEM images of the resulting nanorods and nodules. Positions 3 and 4 of the beam for growing additional nanorods are also
shown. (c) SEM image of nanorods after the previous growth cycles. Position S of the beam is shown for growing an additional nanorod at a distance
of 10 nm parallel to nanorod 4. (d) SEM image of the resulting nanorod and the location and displacement of a further beam spot. (e) SEM image of
resulting 31 nm diameter nanorod on nanorod structure and location 7 for further nanorod growth. (f) SEM image of the final structure. The growth

is performed with the FEG-1 electron beam parameters.

a paste (NanoTach X Silver paste from NBE Tech) containing
silver nanoparticles with an average diameter of 30 nm at
300 °C in air. After sintering, nanorods were formed in the
silver stripe by connecting the ends of the stripe to a voltage
source (~7 mV across the stripe) to generate a current density
of ~24 X 10° A/m’ for a time period of 240 h. The
electromigration process leads to substrate nanopillars forming
all over the surface of the silver stripe as described in detail
elsewhere."”

B METHODS

The electron beam irradiation experiments were carried out
with two different field emission guns (FEGs) in a Hitachi
$4000 SEM (FEG-1) and FEI Quanta SEM (FEG-2), both
equipped with energy-dispersive X-ray (EDX) analysis instru-
ments. FEG-1 was used in the spot mode (EDX regime) to
generate nanorods at specific sites and provides an electron
beam diameter of 30 nm, accelerating voltage of 25 kV, spot

diameter of 14 nm, beam drift of 5 nm/s, and surface exposure
times of 10—100 s. The EDX spot mode, focusing the beam on
a point on the surface of a substrate nanopillar, was found to
result in the formation of individual nanorods at the targeted
point of the surface. FEG-2 provides an electron beam diameter
of 50 nm, accelerating voltage of 25 kV, and spot diameter of 20
nm and was used in the scanning mode, with beam drift of 10
nm/s and surface exposure times of 30—70 s. The normal SEM
scanning mode shows that after 2 min of uninterrupted electron
beam scanning nanoparticles were generated at random
locations, covering approximately 5% of the nanopillars. All
samples were connected to the SEM stage, but the charging was
still observed across the sample and in the targeted nanopillar
samples in high-magnification SEM images. Charging of
samples provides a drift velocity of 10 nm/s with FEG-2 and
S nm/s with FEG-1, which results in the directional formation
of nanorods along the drift direction. By changing the
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Table 1. Length and Diameter of Different Nanorods Formed via Electron Beam Irradiation (EBI) in Figure la—f
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Figure 3. (a) Comparison of the growth rate between nanorods and nodules formed using EDX and SEM, respectively. (b) Nanorods for the size
measurements for the growth rate curve. (c) Nodules for the size measurements for the growth rate curve. (d) SEM image with arrow showing EDX
spot location before irradiation on a single nanorod. (e) SEM image after EDX spot irradiation showing growth of a single 110 nm nodule.

orientation of the surface, it is possible to change the direction
of drift and, thus, the direction of nanorod formation.

The electron beam of the field-emission gun (FEG-1) was
positioned sequentially at multiple points on the Ag surface
with a resolution of approximately S nm, provided by the SEM.
One can initially observe the formation of the nanoparticles at
the position of the electron beam (25 kV for 70 s) which, with
the increase of the exposure time, develop into distinct
nanorods with increasing aspect ratio. The experiments show
that the nanorod diameter can be increased by rescanning the
base of an existing nanorod. Since the generated nanorods
follow the electron beam drift, the length of nanorods can
simply be controlled by changing the exposure time.

B RESULTS

Figure la—f shows the electron-beam spot location and the
displacement vector for a number of growth cycles resulting in
the formation of nanorods leading to the controllable
stereoscopic decoration of the supporting nanopillar. The
solid arrows indicate exact displacement vectors calculated from

20312

images taken before and after the electron beam irradiation,
with the base of the arrow representing the initial location of
the e-beam spot. In all cases, except the irradiation event
labeled “2”, the exposure time was 70 s, but for “2” the time was
halved (35 s). The drift direction was altered (Figure la) by
changing the orientation of the sample (leaving the tilt
unchanged), while the drift velocity was kept at S nm/s. Figure
Ib shows the location of two more beam spots and drift
directions. The event labeled “3” resulted in a doubling of the
thickness of the nanorod grown during the exposure “3”, while
the event labeled “4” resulted in a new nanorod (Figure 1c). A
further irradiation event labeled “S” results in a new nanorod
parallel to the neighboring nanorod and with the same length at
a separation distance of 10 nm (Figure 1d). The lengths of the
nanorods are the same at 340 &+ 5 nm. The images in Figures
1(c) and (d) confirm that at S nm/s beam speed, the nanorod
growth direction, and length can be controlled by the drift
during irradiation. Figure 1d demonstrates that nanorods can
be generated parallel to each other with high precision
(position control better than S nm). They can be grown either
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parallel to each other on the substrate (Figure 1b and c) or
indeed on the tips of existing nanorods (Figure 1d—f). The 34
nm diameter and 375 nm long nanorod in Figure le formed in
similar fashion, and again a 376 nm long nanorod formed on
the previously formed nanorods in Figure 1f. The formed
nanorods in Figure le and f consist of both 70 and 32 nm
diameter segments, controlled by single and double exposures.

Table 1 lists the nanorods in Figure 1 and their lengths and
widths. While the length of nanorods is controlled by the
exposure time, the width exhibits more variability. Although the
majority of the widths is 35 + S nm except nanorod 3 which
had a double exposure, we see that nanorod 5 has an
anomalously large width of 55 nm possibly caused by close
proximity to nanorod 4.

The SEM images from nanopillars at high magnification
(80 000x, Figure 1c—f) seem to indicate that the nanopillar is
covered with a thin 20 nm shell. The core/shell appearance of
nanopillars and nanorods at high magnification could indicate
the presence of an oxide layer or carbon contamination. The
results for energy-dispersed X-ray (EDX) spectra are shown in
Figure 2a and b for a particular nanopillar with similar
composition observed for all nanopillars and nanorods studied.
Figure 2a shows that the nanopillar composition is silver
(77.8%), carbon (14.6%), and oxygen (7.6%), while the
composition of the generated nanorod (Figure 2b) is Ag
(97%) and carbon (3%). The presence of both carbon and a
thin oxide layer is normal on silver surfaces, but there is also a
possibility that the halo effect is caused by SEM optics at high
magnification which is known to result in differing contrast and
blurring at the edges of 1D and 2D structures.

Figure 3a shows that the growth rate as a function of
exposure time for nanorods (Figure 3b) and nodules (Figure
3c) is higher in spot mode (FEG-1) compared to scanning
mode (FEG-2) as expected given the different effective
exposure times of the surface to the electron beam. In scanning
mode (FEG-2, 25 kV accelerating voltage, Figure 3c), with the
electron beam constantly scanning the surface, low aspect ratio
particles are formed after irradiation for 120 s. The size of the
nodules approximately doubles from 80 to 170 nm, when the
electron beam exposure time was doubled from 60 to 120 s. For
FEG-2 in EDX spot mode, the drift velocity was double that of
the FEG-1 mode and equal to 10 nm/s, resulting in formation
of 100 nm nanoparticles at the spot location (Figure 3d and e).
The energy-dispersive X-ray (EDX) analysis of the nano-
particles shows similar composition as the nanorods with 97%
Ag and 3% carbon. For both FEG-1 and FEG-2 spot-mode
experiments, the monotonic drift was caused by sample
charging. It is proposed that in the future this constant drift
can be eliminated and a dynamically controlled drift
implemented by using a motorized sample stage. In the current
implementation, the drift speed and direction were both
constant. The drift at 5 nm/s resulted in growth of high aspect
ratio nanorods, while the drift at 10 nm/s resulted in growth of
nodules. This suggests that the ion drift speed responsible for
growth lies between these two values.

B DISCUSSION

To the best of our knowledge and as also stated in other
studies,* ™ there is no general and comprehensive model
explaining the growth mechanism of whiskers and nanostruc-
tures due to electron beam irradiation.” In general, the electron
beam used in scanning electron microscopy can cause a
temporary or permanent change in the surface or bulk structure

of a specimen, arising from elastic and inelastic electron
scattering and related heating, electrostatic charging, ionization
damage (radiolysis), displacement damage, and sputtering.
Studies which explicitly observed growth of silver nanostruc-
tures under electron beam irradiation include refs 4—11 and 14.
Ref S proposes the most relevant growth mechanisms: (i)
migration of silver ions from a silver nanowire substrate in the
presence of an electric field, (ii) the presence of an oxide layer
(in that publication TiO,, in the present work, silver oxide),
and (iii) stresses caused by thermal gradients caused by
electron beam heating are present also in the current work. In
general terms, initial heating of the substrate during the
interaction with the beam provides energy for atomic
migration.”® This can be also coupled to softening of the
internal material structure under the electron irradiation.
Charging of the silver under the irradiation simultaneously
results in attraction of silver ions to the regions exposed to the
electron beam. Additional driving forces are also present due to
temperature gradients over the silver surface, which, combined
with the electric fields,”'® continuously drive ions toward the
region exposed to the electron beam as it drifts. Longer
exposure to the electron beam tends to result in longer, curved
whiskers®™” as opposed to the straight nanorods observed in
this work with short exposures.

Bl CONCLUSIONS

Electron-beam irradiation has been used to fabricate stereo-
scopic nanorods on curved surfaces over existing nanoscale
structures. Both high control over nanorod dimensions and
high placement accuracy have been demonstrated. The
conventional SEM imaging mode results in growth of nodules,
while continuous exposure to higher energy electron beams,
typical of the EDX mode, results in the formation of high
aspect ratio nanorods. The nanorod growth rate and direction
can be controlled by movement of the electron beam spot over
the surface of the substrate at low drift velocities (S nm/s),
caused by charging, and could in the future be reproduced by
manipulation of the SEM stage. The location of the growing
nanorods can be controlled by the position of the electron
beam spot and can be used to induce growth of nanorods on
selected pre-existing nanorods. The method opens up a number
of exciting possibilities involving controlled, direct fabrication
and manipulation of nanowires in an electron beam using
conventional SEM facilities. Examples could be the creation of
closely spaced parallel structures as has been demonstrated or
fabrication of complex three-dimensional plasmonic structures
and their networks for applications in sensing, surface-enhanced
Raman scattering, and photochemistry applications. Given the
sequential nature of fabrication the first applications would
necessarily be small-scale lab-based applications to produce
bespoke 3-d structures made of linear segments branching off at
desired angles. Further applications are expected to follow once
the properties and unique benefits of these structures are
explored.
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Mannan, S.H., 2016. Stereoscopic Nanoscale-Precision Growth of Free-Standing Silver
Nanorods by Electron Beam Irradiation. The Journal of Physical Chemistry C, 120(36),
pp.20310-20314.). Copyright (2016) American Chemical Society.
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Abstract

Electromigration (EM) refers to the movement of atoms inside a conductor due to momentum
exchange with the conduction electrons. In this work the EM effect in samples of porous Ag
fabricated from nanoparticles of Ag in a pressure free sintering process is studied. Current
densities of 2.5x104 - 1.7x10% A/cm? were applied to the samples for periods ranging up to 500
h. In a typical EM setup with a non-porous conductor, void formation occurs at the cathode and
hillock formation at the anode. In this study, voids were not directly observed, but cracks were
formed after prolonged electromigration, presumably as a result of void accumulation and
coalescence. When the samples were placed in 150 °C ambient no hillocks were observed, but at
room temperature nanorods were formed with sizes ranging up to 20 pm in length, typically 25
nm in diameter and with aspect ratios ranging from 20 to 1000. It was found that interrupting
and restarting the current resulted in growth of new nanorods rather than growth of existing
ones, and that growth was limited by welding of individual nanorods when a critical number
density was reached. While similar nanorods have been formed from Ag thin films using
thermal stress , the location of nanorods was unusual in that while the number density was
highest at the anode, significant numbers also appeared at central and cathode locations.
Another unusual feature of the observed EM was that the initial porous structure became
refined with coarse pores and grains transforming into a fine grained and fine pored structure
with elongated and locally orientated pores and grains. Elemental composition studies provide
tentative understanding of the nanorod number density, size distribution and growth
mechanism. In the geometry utilized for this study, temperature gradients are known to
strongly influence the divergence of the EM induced atomic flux and hence resistivity
measurements and COMSOL Finite Element modelling was used to determine the temperature
in the sample taking into account joule heating, convection and conduction processes.
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1. Introduction

Electromigration has traditionally been
associated with failures in on-chip
interconnections in VLSI circuits. With
increasing miniaturisation it has also
become an issue for solder ball
interconnections as decreases in
dimensions lead to increased current
densities?. In this paper we study
electromigration in sintered Ag systems
where the Ag is used as a die attach or
component attach material, replacing
traditional materials such as solder23. The
Ag is deposited on the substrate in the form
of a paste with high concentration of Ag
nanoparticles. After component placement,
the assembly is heated to ~300 °C and
sintering occurs at temperatures well below
the melting point of bulk Ag (961 °C). These
systems are of interest because of their
potential applications in high temperature
environments. One worry for such systems
is the potential for silver migration caused
by high electric fields, resulting in dendritic
growth and short circuits. In the present
work the nanorods also have a potential for
causing short circuits but these are
fabricated by high current densities inside
the conductor rather than high electric field
strengths between electrodes. The high
current densities also cause massive atomic
displacement inside the conductor which
results in elongation of grains and pores
and eventual crack formation in the
material 4 Specifically, we find that a period
of 500 h with a current density of 2.5x104
A/cmz2 leads to nanorods up to 20 microns
in length and cracks forming at the cathode
side of the conducting strip.

1. Experimental

A nanoparticle paste intended for pressure-
less sintering, NanoTach® X from NBE Tech
was used for these studies. The paste
contained silver nanoparticles with 30 nm

Ali Mansourian
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diameter and after sintering a porosity of
20-30% was obtained after sintering at 260
° C for one hour 5. Figure 1 shows the
schematic sample preparation. The silver
strip is prepared at the edge of a glass cover
slip to facilitate control over the width and
thickness. Typically the dimensions of the
strip are width 150 pm, thickness 150 pm
and length 1 pm. Finally the sintered wire is
checked optically for flaws and geometrical
uniformity and connected to gold wire at
both ends using the 500 mg (+5ms) of the
same paste and further sintering process.
Figure 1 show the schematic of
experimental setup. The resistivity of
specimen has been measured using four
point probe measurements experiments
and the resistivity used to estimate the
temperature in the strip due to Joule
heating. Subsequently the sample was
linked to a voltage generator and
electromigration was allowed to occur for
the duration of the experiment After the
completion of the electromigration period
samples were checked under a Scanning
Electron Microscope (SEM) to monitor
nanorod growth and cross sectioned to
examine internal structural changes.

A A

A A
 ’

(=]

Figure 1: Schematic diagram of experimental
setup and the steps used to fabricate sintered
silver using three cover slips.
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2. Results and discussion

Mass growth of nanorods has been obtained
at a current density 2.4x108 A/m? for 120
hours. Figure 2 shows the formation of
nanorods after applying this standard
condition.

Figure 2: Formation of nanorods with diameter
between 20 to 100 nm on surface of sintered
silver after applying current of 2.4x10* A/cm? for
5 days.

Figure 3 shows that the nanorods can form
in different shapes and lengths. In our
standard fabrication condition the side view
SEM images at longer period of time ranging
between 120 to 480 hours shows that very
high aspect ratio nanorods up to 1000 or
above reaching the length of 20 pum, and
potentially causing short circuits. The
Nanorods grow in random directions and
typically meet each other after growing
between 1 to 4 pum, resulting in welding or

The internal structure cross sections, Fig. 4
a-c) show that the changes in internal
structure cannot purely be the results of
thermal effects. Fig. 4 a) shows typical
internal morphology of the sintered silver
strip before any thermal or EM process. Fig.
4b) shows a sample placed at 200 °C for 480
h. Fig. 4c) shows a sample after EM. It
should be noted that the structure seen in
Fig. 4c was found throughout the stripe at
anode, centre and cathode and that the

Ali Mansourian
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nanorods ¢. However, performing EM on
samples placed on a hotplate with the
measured temperature of 200 °C resulted in
no nanorods being formed, which strongly
suggests that the presence of an oxide layer
on the sintered Ag surface which is required
to limit surface atomic diffusion and allow
stress build-up and formation of the
nanorods’.

(b)
Figure 3: a) shows merger of high aspect ratio
nanorods formed at the anode after 480 hours EM
with diameter of 25 nm and length over 20 pm.
b) shows nanorods at high density merging
together.

orientation of the elliptical grains changes
throughout the stripe and does not appear
to be simply correlated with the cathode-
anode axis (indicated by the arrow in Fig.
4c).
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Cross section SEM images
Without Electromigration or
Heat Treatment

Cross section SEM images Cross section SEM images
After Heat Treatment only After Electromigration

+——
Average current flow

(@) (b) (9
Figure 4: (a) cross section SEM images of the internal structure of stripe before EM. (b) under 200 °C heat
treatment for 480 h (c) after EM for 480 h at current density of 2.34x104 A/cm?2.

Similarly, under conditions of higher current density (1.17x105 A/cm? for 6 hours), we observe
partial melting of the silver (Fig.5).

Centre of strip
i s f
SEM
reference
images
before
SEM

SEM
images
after EM

Figure 5: Comparison of the SEM images taken from surface of anode, centre and cathode a-c) before
electromigration as a reference images and d-f) after electromigration under the high current density of
1.17x105A/cm?2.

Both the resistivity calculations and Finite pathways through the material leading to
Element Modelling using COMSOL taking increasing current confinement to smaller
into account convection in air and thermal volumes.

conduction through glass show

temperatures in the strip of around 80 °C

under the standard condition(figure 6.a).

The melting phenomena at higher current

density is expected to be as a result of the

internal re-arrangement leading to

increased porosity in the cathode and

reduction in the number of conduction
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Figure 6: a)Temperature profile within the strip
simulated using Finite Element Method (FEM)
software COMSOL (Joule heating module), b) the
EM operating temperature and resistivity ratio of
the 4 different wires in their corresponding
current density.

3. Conclusion

In conclusion. we have studied the effect of
EM at different current densities on porous
sintered silver. Applying a current density

of 2.4x108 for a time 120 hours results in 6

formation of nanorods with 5 pm length.
Extended EM results in a self limiting
mechanism for nanorod growth, limiting
typical nanorod length to 4 pum though
atypical 20 um rods were also observed. At
the same time, surface diffusion along the
internal pores result in elongation of the
grains and eventual open circuit condition.
Growth of the nanorods can be prevented if
the external ambient is higher than 200 °C,
but the internal rearrangement still occurs.
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Atoms can move under high stress conditions such as temperature, mechanical pressure or electric current.
Electromigration provides a driving force to move the atoms in metals conducting current usually resulting in
the accumulation of atoms and void formation in anode and cathode respectively. The electromigration effect is
normally considered a serious problem for electronic circuits but the recent works'”’ show that it can be used
constructively for controlled fabrication of nanostructures’*.We demonstrate that electromigration can be
utilized to refine the porous structure of a sintered silver stripe leading to transformation of the internal pore and
grain structure. The results show that pore shape, size and distribution are significantly changed after
electromigration. Similarly, we have used the electromigration effect to mass produce nanorods under current
densities of the order of 2.4 x10** A/m’. Nanorods were formed across the whole stripe contrasting with studies
on non-porous substrates which show nanorod production at the anode only. The results show the internal pore
structure can be transformed and refined by electromigration. The results also suggest that by controlling current
densities in a porous substrate, complex patterns of porous structures and high-quality single crystal nanorods
can be formed in-situ with significant advantages over competing methods of nanorod formation for sensor
applications.

Key words: Electromigration, Internal Structure Refinement, Porous sintered silver, Nanorod.

Introduction
The interaction between nanoscale growth at the anode only, cracks and
porosity and electromigration can be used to disconnection[3,4] or required precise local
manipulate surface and internal structure of conditioning of the substrate to change the
materials resulting in structure refinement in morphology of substrate[4,5]. The interaction
nanoscale objects. Electromigration continues to be between ions, electrons and atoms results in the
one of the most important reliability issues for movement of grain boundaries (grain growth),
nanostructured new devices in microelectronic recrystallization of grain structure and finally the
circuits. Since 1967 most industrial research has evolution of the microstructure and chemical
been focused on increasing the lifetime under compositions[6]. However the microstructure effect
electromigration operating conditions[1,2]. on electromigration is found to be a complex
Electromigration occurs at high current density function of the porosity, defect, impurity, grain
where the atomic flux caused by electron wind boundaries and grain size distribution, chemical
force (electromigration) is normally accompanied composition, atomic diffusivity and is the origin of
by a Joule heating effect. non-steady-state mass transport such that the
concentration of atoms changes locally[7-11]. In
Previous attempts to modify materials via general, electromigration is affected by a large
electromigration either resulted in whisker/nanorod number of parameters such as current density,
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temperature, film thickness, grain size and
timescale[12-16]. As a result, an uneven material
with different grain size morphology can have
different responses to atomic diffusion (for
example a single crystal, bamboo type crystals or
porous structures)[11, 17]. Although many studies
have been published on electromigration on bulk
materials and thin films, none save Calata[l8]
have ever experimentally studied the EM effect in
porous substrates, and even Calata’s study lacked
detail, concentrating only on the eventual
breakdown of conductance in the material. The
electromigration effect of microstructures has been
studied in the literature[6-11].

We present the electromigration effect on
porous silver stripe, showing phenomena that are
not encountered in electromigration studies of solid
conductors, such as nanorod formation both at
anode and cathode of samples. We demonstrate
microstructural changes inside the stripe that have
not been observed in non-porous materials. We
show the mass growth of nanorods utilizing this
effect with very high aspect ratios up to 200 and
above. The results show that the internal pore
structure can be transformed and refined by
electromigration, and that hence electromigration
can be used as a non-destructive probe of the
surface composition of the pores. These unique
observations suggest a method of opening up an
interesting research field on an effective method for
modifying the internal morphology of conductive
porous materials in particular sintered silver which
is a promising high temperature electronics joining
material.

Experimental details

A nanoparticle paste NanoTach® X from
NBE Tech was used for these studies. The paste
contained silver nanoparticles with 30 nm diameter
and after sintering a porosity of 20-30% was
obtained after sintering at 260 °C for one hour[19].
The silver stripe is prepared with typical
dimensions of width 150 um, thickness 150 um and
length 1 um. The details of experimental
procedures are explained in our previous work [19].

000191

Finally, the sintered stripe is checked optically for
flaws and geometrical uniformity and connected to
gold wire at both ends using 500 mg of the same
paste and a further sintering process. The resistivity
of the specimen has been measured using four-
point probe measurements experiments and the
resistivity used to estimate the temperature in the
strip due to Joule heating. Subsequently, the sample
was linked to a voltage generator and
electromigration was allowed to occur for the
duration of the experiment. After the completion of
the electromigration period samples were checked
under a Scanning Electron Microscope (SEM) to
monitor nanorod growth and cross-sectioned to
examine internal structural changes. Both Matlab
and Image J software used for measuring the grains
and pore density.

Results

The phenomenon of microstructure
refinement after electromigration that occurs in the
interior of the porous substrate was investigated in
a series of experiments in which samples were
cross-sectioned of varying
electromigration duration and current density.
Recently we reported the mass fabrication of
nanorods using electromigration[19]. In this work
the electromigration effects on the internal structure
changes are investigated in more detail in the three
different regions of anode, centre and cathode.
Figure 1d-f demonstrates changes at the surface
resulting in formation of nanorods both at the
anode and cathode surface while the interior of the
substrate Figure 1g-i experiences mass atomic
transport and morphology change. The micrograph
SEM images of Figure 2a-d shows the cross-
sectioned samples. The morphology change after
electromigration shows that the interior grains

under conditions

morphology has changed from coarse to fine and
also the interpore-spacing between each grain has
significantly decreased. The electromigration effect
on porous structure refinement is opposite to the
thermodynamic grain growth response expected
from the sample stored at 200 °C and higher
tempratures[20].
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Figure 1 (a-i) Comparison of surface and interior evolution; (a-c) before EM, (d-f) Surface after EM, (g-i)
interior after EM with insets showing pre-EM surface and cross sections to the same scale.

Figure 2a-d shows the comparison of
measured grain and pore size cross section SEM
images of the sintered silver before and after
electromigration. The SEM images show that the
average grain size of porous sintered silver
decreased from 2500 to 800 nm after
electromigration. The porosity changes after
electromigration are calculated using the Matlab
software and image recognition techniques. The

results show the similar porosity of 0.29, 0.28,
and 0.30 for the regions near the anode, cathode
and centre respectively. The pores are stretched
out almost in the same direction of the average
current flow (Figure 2b, d the elongation
direction denoted by white arrows), but that
locally there may be significant deviations to the
expected current flow due to porosity related
effects.

Atomic Movements in the Interior
Without Electromigration or
Heat Treatment

After Electromigration

Figure 2 (a) shows the SEM image of cross sectioned Sintered silver wire (b) shows the cross sectioned SEM
image of the sintered silver wire after electromigration (c and d) shows the comparison of changes in grain
size before and after electromigration for the same SEM images from the sample produced in the same way.
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Electromigration is not the only method
for pore engineering. Recently we proposed a novel
method to control the formation of of a pore free
structure for sintered silver [20]. We have found by
addition of a gold mesh inserted between die and
substrate in the presence of silver nanoparticle
paste, a continuous interdiffusion layer can be
formed that extends from the die to the substrate
after sintering. This results in an alternative method
of pore engineering wherein the pores coalesce into
a single void which is located at the centre of each
mesh cell. The samples survive harsh high-
temperature treatments up to 600 °C in contrast to
samples without the mesh insert, and the
continuous interdiffusion layer establishes a
connection which can in principle withstand long
operating times at high temperatures without
degradation of shear strength. Such die attach
provides lower initial shear strength (~2MPa)
compared to conventional sintered silver die attach
(~16 MPa) as the mesh reduces the volume
percentage of sintered silver. However, the gradual

incorporation of the mesh into the bonding
structure leads to retention and enhancement of
mechanical performance at high temperatures. In
addition, by control of the mesh size and density,
mechanical properties may be altered as desired,
for example resulting in lower Young’s modulus at
the edge of the die and higher Young’s Modulus in
the centre. Electromigration suggest new
possibilities of structure refinement with even more
flexibility[21].

In contrast to the significant changes of
morphology in the interior of the sample, the oxide
layer on the surface prevents transformation of
grains except for nanorod growth. Upon exposure
to atmosphere after sectioning, high temperature
storage experiments also show that surface
diffusion is strongly suppressed. Nanorods grow
through weak points in the surface oxide as seen
for example in straight line shaped nanorods of
Figure 3a showing formation of both the nanorods
and nodules after 240 hour electromigration at a
high current density of 2.4x10™* A/m’.

Figure 3. Different shapes of nanorods from straight line to curly shape. (a) The nanorods after 120 hours are (b)
long enough to meet each other and (c) they either weld or disconnected in longer period of electromigration time
eventually because of high density of nanorods and short cut event their growth above certain length it limited and
the shape of nanorods change to curly structure over time. (d) Shows the formation of curly nanorods for
uninterrupted electromigration experiment after 480 hours.

The SEM images provided from the
samples that experience interruption during the
experiment at longer periods above 240 hours,
show control of shape and number density and
length of nanorods by using interruptions[19]. This
eventually leads to a nanorod forest (Figure 3b).
Figure 3b shows that the short cut events between
generated nanorods could lead to welding or
disconnection events. As a result it seems that the
growth of the nanorods is limited by the
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electromigration time of welding and disconnection
events at high nanorod density (around 480 hours).
The prism and platelet structures were observed for
samples experience multiple interruptions (Figure
3c). The curly shape nanorods was produced
without any interruption for longer
electromigration period of 480 hours (Figure 3d). It
should be noted that nanorod growth was
completely suppressed when the electromigration
took place at elevated temperatures (200 °C).
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Potential Applications

The disordered porous silver structure has
a potentially wide range of application in
electronics, plasmonics, biosensing, energy storage
and catalysis. We now outline some of these
applications below. Silver has unique optical
properties, crystal structure and mechanical
properties. Silver is an interesting electrocatalyst
owing to its capability of converting carbon dioxide
to carbon monoxide selectively at room
temperature; however, the traditional
polycrystalline silver electrocatalyst requires a
large overpotential. A recent report on novel silver
catalyst from porous silver suggests it could be
used to turn greenhouse gases into useful
chemicals[22] with 3,000 times more activity than
polycrystalline silver, a catalyst commonly used in
converting carbon dioxide to carbon monoxide for
green fuel energy. Another potential application
makes use of silver’s optical properties. Disordered
silver nanowire membranes have been used for
extraction and surface-enhanced Raman
spectroscopy detection[23].  Gold and silver
nanowires have also been used for Fluorescence
Enhancement [24]. Silver nanorod networks and
films are widely used in stretchable transparent
electrodes [25] The electromigration synthesis
route reported in this chapter widens the range of
possible applications. There are numerous
advantages that pave the way for electromigration
nanorod fabrication to be used industrially. These
include simplicity of process and mass production
capability of high quality single crystal nanorods
with high aspect ratios up to ~200. Control over the
shape (straight, curly, etc.) and also control over
number density, and the ability to modify these

characteristics by control of current density

We have demonstrated that
electromigration can be utilized to refine the porous
structure  of  sintered silver leading to

transformation of the internal pore and grain
structure. The results show that pore shape, size
and distribution are significantly changed after
electromigration. Similarly, we have used the
electromigration effect to mass produce nanorods
both at anode and cathode under current densities
of the order of 2.4 x10*® A/m”. The results from the
calculated porosity at anode, centre and cathode
show that both grains and pore sizes decreased but
the difference in porosity and grain size at the
anode, centre and cathode is negligible. The
electromigration structure refinement provides
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distribution across a surface is unique. Similar to
our experimental setup for generating the nanorods,
here we suggest a design for nanorods fabrication
in an integrated complex pre-pattern structure. A
Wheatstone bridge sensing device is a simple
illustration of the concept. Figure 4 shows the
concept of wusing electromigration fabricated
nanorods in a well known Wheatstone bridge
assembly as a sensor device. The advantage of the
method is that the nanorods can be grown in situ,
simply by passing current through the structure,
and the whole sensor miniaturised, limited only by
the printing resolution of the nanoparticle paste.

Figure 4. The schematic concept of a printed sensor
device based on a Wheatstone bridge circuit with
sensing element formed in-situ and miniaturised.

Conclusions

additional flexibility compared to other pore
engineering methods.  The results show the
changes are reproducible, and the internal pore
structure can be transformed and refined by
electromigration, and that hence electromigration
can be used as a probe of the surface composition
of the pores. The results suggest that by controlling
current densities in a porous substrate, complex
patterns of porous structures can be engineered via
electromigration effect. applications
include Sensors constructed using changes in the
resistivity of  silver  structures which is
advantageous for high temperature sensors.

Potential
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Microstructural Evolution and Arrest
In a Silver Nanoparticle Based Die
Attach Material for Extreme
Environments




Outline of the Summary
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Introduction

The need for a suitable die attach is on the rise for harsh environments above 300 °C, applications:

Jet Engines Space Exploration WBG Semiconductors
< Seve Riches, HTEN _ zicmfmvum?&jas?
2015 Cambridge 0jeg
Current Materials:
« High Melting Point Solders + Solid Liquid Inter-Diffusion Bonding (SLID)

o) Residual stress o) Kirkendall voiding
o Brittfle intermetallic layer

Alternative Solution:

« Silver Nanoparticles  o.ocigms ¢ v Lower Processing Temperature
a = v Melting point of 2.4 nm 350°C

v' Excellent Properties
v' Relatively Low Cost ~

* Ofmar, M. 5. [2012). Models for mean bonding

length, meling point and lattice thermal

: ) . ] . expansion of nanoparticle materials. Materials
P e Research Bulletin,47(11), 3518-3522.
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Introduction

Background:

* Ourreview, whichincluded data from 60 + papers on silver
nanoparticle based high temperature die attach, concluded that:

156



Qutline of Author’'s Contributions

Avuthor’s
Contributions

Microstructural
Evolution of

Sintered Silver

Metallisations

E ) N\

Solution for 3:

Mesh Solution for 1:

Placement Oxidation

Treatmen
\ ‘ X reatment

157



Qutline of Author’'s Contributions

Avuthor’s
Contributions

- )

]
Microsﬁucfurol
W Evolution of
‘f j’l?m?’_” Sintered Silver
Metallisations |
N\, " \_ 4

Solution for 3:
Mesh Solution for 1:

Placement

Treatment

N\

158



Microstructural Evolution of Sintered Silver

femperature 'behc:vuourof sm’rered snlver undera
F“"'..‘_"Jﬂ ), ' [® " y-/i" hae he € 1aalial fr

Ean
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Microstructural Evolution of Sintered Silver

e High temperature behaviour of sintered silver nanoparticles
has been observed.
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Microstructural Evolution of Sintered Silver

* This leads to unpredictability of long term reliability.

3 r
B e
25 t ="
Growth Phase 3 .\‘ {, -
& 2 I S a
= Growth Phase 1 L7 b )
% s '_,-” — lI]t*c::*l.»arthPhatsez._._________.b #,s"i * 400
W - —
= UL b ¥ . e £350
o T D
R S e Sttt eieiele Setehistuistotr s A SR A T ) +300

° }"I-?"‘_'_"_i-'-'—'—i-_---si """" s B gresaaecs Ferreviier £= # 250
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Microstructural Evolution of Sintered Silver

e Exposure to atmosphere blocks surface diffusion up to
temperatures of 400 °C.

1. Control

2. After storage for 24 h at 300 °C

3. Additional 16 h at 300 °C
and 66 h at 400 °C in
| vacuum

14, 4. Additional 24 hat 500°C /
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Solution for Evolution: Oxidation Treatment
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Solution for Evolution: Oxidation Treatment

« Simple processing step to increase thermal stability of sintered
silver die attach

Processing Steps

Steamed for 24 hours

Performed for
Sample Set 2 and
Sample 3.3

<

Sintering Process

=

Q Recommended Sintering Profile Performed for

from Paste Manufacturer Sample Set 4

Silve

I
I
Substrate

D"Qme Placement

Thermal Stabilisation
Processes

Dipping in water for
10 min
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Solution for Evolution: Oxidation Treatment

« The thermal stability increased from 200 °C of conventional
sintered silver to 400 °C

( Untreated
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Solution for Evolution: Oxidation Treatment

« Oxidation of silver surfaces is known as the main cause of this
stabilisation

Weakly Bonded

Hydrocarbons from - /\/\ ) /\/\
Untreated the Silver Paste (- > 9
TRt P O 0000 0 0

O 000 060 00

B B
|

Microstructural

After 24 h Evolution due to

_BefqreAging : Diffusion @ 0O 0 96 0 o
o S ~15pm= 909000000
: | AN AN
Treated Halt to Diffusion

Mechanisms by o’% IQQAQ d.\l
Oxidati
Re:l.lllt?nlgriln “A“ ° h

0@ 90
Stabilization o & & & o CIAQ
= 9 99 000 00

£

Afiter 124 h SRASURLE=

e —15um—

The untreated sintered silver samples and their SEM images were produced by Prof. Samjid Mannan, and the treated sinfered silver
by MrKhalid Khtatba
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Interactions with Two Common Metallisations

169



Interactions with Two Common Metallisations

*Rapid collapse of void number density after 24 h ageingin
the sintered Ag layer on Au substrate.

25

£
=
g
£
-
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Interactions with Two Common Metallisations

eShear strength of pressure-free sintfered Ag decreases during
ageing at 300 °C due to high porosity layer growth

)y '}

Conftrol |

After 100 h at 300 °C I After 500 h at 300° C
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Interactions with Two Common Metallisations

*Void free layer and high porosity layer growth explained in
terms of atomic diffusion and grain boundary migration.

Grain Boundary '
used for Dgp.

calculation. Twin Bo X

After 24 h at 300 ° C After 100 h at 300 ° C
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Solution for Interactions: Mesh Placemen
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Solution for Interactions: Mesh Placement

 Material interdiffusion previously identified as a problem is utilized
positively.

I
Gold Metallization< g ‘g‘f’ éﬁ?j g’g % g ‘g g gf g g‘;ﬁSilverPaste

Substrate

Thermal
diffusion during
high operating
temperatures

Sintered

g Flexibility as a
result of organised
| and controlled
— S-brafe S 2()“ 111; pOfOSity
Ready for operation Final thermally stable structure
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Solution for Interactions: Mesh Placement

* Retention of mechanicalstrength at high temperatures and
microstructural stability.

Alumina | DJQ PSS 7,. \d .:.c; ,‘:e_ 2 oS A 2.5
inr’? N4 D 3 4 _",
W J«}H —~4 5 5
Interdiffusion’Layer S /
Ni Void 2 15 /
~
<€ . A
V) ~—
@ 05
u
....... S
>
Outline of original < .

75h at 1000h at  100h at
450°C 450°C 600°C

mesh wall
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Solution for Interactions: Mesh Placement

* Processing is easy and requires no expensive new tooling or
processing pressure.

>

_Silver Paste_l

I.-‘}' T—
5,

— = 4 )

C sh y "
""'—'-1_______ e __;._._,_._..-f

Substrate
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Conclusions and Recommendations on Future Work

Sintered silver microstructural changes significant above 250 °C

« Surface oxidation stops microstructural changes up to 400 °C

Qxldqho‘n effect 10 s’rqbllnse m’rernal sfruc’rure
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