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Characterization of nano-scale materials for interconnect and thermal dissipation
application in electronics packaging

Xin Luo

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

This thesis focuses on studies of nano-scale materials in electronic packaging applications with
respect to following aspects: surface analysis of nano-scale oxide of lead-free solder particles,
and thermal performance and mechanical property studies of nano-scale fiber and metal
composite-based thermal interface materials.

The composition and thickness of the solder oxide have a direct impact on the quality of
interconnects and the reliability of a packaged system. The characterization of the nano-scale
oxide of lead-free solder particles is investigated by transmission electron microscopy and
scanning transmission electron microscopy. The solder powders are exposed to air at 150 °C
for 0, 120 and 240 h. The oxide thickness is 6 nm and 50 nm measured by STEM for 0 h and
120 h samples, respectively. The increase in oxide thickness of solder particles is proportional
to the rooting of the oxidation time. The intersection analysis method for analyzing Auger
electron spectroscopy depth profiles is also presented which could be expand to analyze oxide
of other alloy, i.e. Cu, Ag or stainless steel.

In the next part of this thesis, a new composite design consisting of electrospun polyimide
fiber networks and infiltrated metal matrix is presented. Three composites are fabricated
including polyimide fiber-InSnBi, polyimide fiber-indium and polyimide fiber-SnAgCu
composites. The microstructure of the composite is investigated by scanning electron
microscopy, energy dispersive X-ray detector and X-ray diffraction, showing a good bonding
between the fibers and the metal matrix. These composites demonstrate high thermal
conductivity, low thermal contact resistance and reliable thermomechanical performance
during thermal cycling. The polyimide fiber-indium composites are sandwiched between chips
and heat spreaders with different packaged sizes to detect the junction temperature and
junction-to-case thermal resistance. The shear strength of the polyimide fiber-indium
composite between Sn surfaces can reach 4 MPa which is larger than that with Au and Cu
surfaces. Both composites present good reliability during the humidity-heat aging tests. The
polyimide fiber-indium composite’s ultimate tensile strength at 20 °C is five times higher
than that of the pure indium, and the tensile strength of the composite exceeds the summation
of those from its individual components. With the increase in temperature, the ultimate tensile
strength declines but still precedes pure indium and the elongation at fracture increases.
Contrary to most metallic materials, the ultimate tensile strength of the composite is inversely
proportional to the logarithmic strain rate in a certain range. Finally, a new strengthening
mechanism is presented based on mutually reinforcing structures formed by the indium and
surrounding fibers, underlining the effect of compressing at the fiber-indium interfaces by
dislocation pileups and slip pinning. The creep threshold of the composite corresponds to the



fracture strength of the polyimide fiber, and the step-like sudden increases of the composite’s
creep strain are due to the breakage of fibers. The fiber-indium interfaces are also beneficial to
the composite’s creep resistance. In the final part of the thesis, two novel thermal interface
materials are developed and characterized including boron nitride fiber-indium composite and
carbon fiber-SnAgCu composite. Thermally conductive boron nitride fiber or carbon fiber is
prepared via electrospinning and heat treatment. Afterward, the boron nitride/carbon fibers
are sputtered with Ti/Au coatings and infiltrated with metal matrix. Good in-plane and
through-plane thermal conductivity of the thermally conductive fiber-metal matrix composite
are obtained using a laser flash apparatus.

Keywords: lead-free solder, nano-scale oxide layer, electrospun nanofiber, metal matrix
composite, thermal interface material, thermal conductivity, thermal management, boron
nitride fiber, carbon fiber.
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Chapter 1
Introduction

1.1 Background

The microelectronics packaging industry needs to continuously satisfy the demands of
increasing performance, functionality and reliability while reducing size, weight and costs [1,
2]. With these requests, pivotal and new materials should be developed and investigated, for
instance, lead-free solders and thermal interface materials (TIMs) [3, 4]. Lead-free solders and
TIMs are widely used in the electronics packaging industry for interconnection and heat
dissipation applications, respectively. The present thesis mainly focuses on the two research
areas: nano-scale oxide analysis of lead-free solder particles and thermal/mechanical
properties of nano-scale fibers metal matrix composite-based TIMs.

1.1.1 Lead-free solder

Lead-containing solder, such as SnPb alloy, has been a traditional material for assembly and
interconnection in the electronics packaging industry for several decades. During the last
decade, the solders have been modified due to a strong worldwide environmental movement
towards non-toxic solders without lead [5]. Many initiatives and legislative measures outline
the targets for the transition from lead-containing solders to lead-free types in the
micro-electronic packaging application [6-8].

Many different lead-free solder alloy systems, such as SnAg, SnAgCu, SnCu, SnAgBi, have
been developed as promising alternatives to SnPb solders [5]. Among these lead-free solders,
the near eutectic Sn-3.8Ag-0.7Cu composition from the ternary SnAgCu system is presently
the preferred one. This is mainly due to its relatively low melting temperature (~217°C), good
solderability, high strength, low wetting angles and good reliability [9-11].



Despite numerous studies having reported on the promising lead-free solders in terms of the
soldering process [12], Sn whiskers [12], interfacial reaction [13], reliability issues [14] and
oxidation behavior of the soldered joints [15-17], a few studies of oxidation characteristics of a
single SnAgCu solder particle have been reported. However, the composition and thickness of
oxide of the solder particles are extremely important for solder joints and have a direct impact
on the quality of interconnect and the reliability of a packaged system. Compared to Pb, the
oxidation of Sn needs lower Gibbs free energy at room temperature, resulting in higher
oxidation vulnerability of the Sn-based solders [18]. It is shown that even a small difference in
the oxide thickness of lead-free solder powders would dramatically affect the performance of
solder joints [19]. On the other hand, the study of Sn oxide is also motivated by the
applications as a solid state gas sensor, oxidation catalyst, and transparent conductor [20].

1.1.2 Thermal interface material

With the development of packaging technologies, microelectronic products are increasingly
moving towards higher power density in a limited packaging area, as shown in Figure 1.1.

Power density

Time

Figure 1.1: Schematic illustration of the trends towards higher power density with the
development of micropackage technologies.

With this trend, power densities have reached magnitudes in the order of 100 W/cm*[21].
Figure 1.2 indicates the increasing junction temperature for electronic packaging in the future,
in combination with increasing power densities. The development of microelectronic devices
leads to increased junction temperature, resulting in severe deterioration behavior/failure in
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semiconductors such as fracturing, delamination, melting, creep, corrosion, electromigration
and even combustion of packaging materials. The problem is worsened further due to the
presence of the hot-spots, localized areas on the chip that reach tremendous power densities
during operation [22].
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Figure 1.2: Projected microprocessor power dissipation (constant die area, 140 mm?) and
junction temperature evolution [21].

The “high-flux hot-spots” are caused by miniaturization, design complexity and highly
non-uniform power distribution on microprocessors. If the heat dissipated from the component
does not spread out efficiently, hot-spot temperature may reach an unacceptable level, causing
damage of electronic productions. For maintaining a relatively low junction temperature to
improve the performance and long-term reliability of microelectronics systems, thermal
management technologies are critical. Power delivery and thermal dissipation design in ever
extending three-dimensional (3D) scaling are indispensable for further system integration. The
thermal management challenges for assembly and packaging in future are also highlighted in
the international technology roadmap for semiconductors (ITRS) report in 2013 [23]:

» Thermal management for 3D assembly and packaging.
* Thermal dissipation for small die with high pad count and/or high power density.
*“Hot-spot” thermal management for high frequency die.

Keeping a low and stable junction temperature at increased power densities in future
applications requires a radically improved TIM. TIMs are used to fill the gaps between an
electronic device and the thermal transfer medium such as the substrate, heat pipe, and heat
sink, or join the thermal management components to each other. The air residing in the
valleys in the surface topography is thermally insulating and should be displaced by the TIM:s.
In some cases, TIMs need to perform the functions of attachment, stress/strain relief as well
as thermal transfer. TIMs have a significant impact on the thermal impedance of electronic
systems and they can be the dominant factor in achieving effective thermal transfer in practice
[24].



Currently available TIMs include thermal adhesive, greases, oils, non-metallic coatings,
metallic foils and phase change materials (PCMs) [24-33]. In addition, composite TIMs are
designed based on silicone or epoxy matrices dispersed with thermally conductive fillers, such
as boron nitride [34-36], aluminum oxide [37], zinc oxide [38], aluminum nitride [39],
nano-silicon carbides and silver nanowire arrays [40]. Furthermore, carbon allotropes have
also been receiving increasing attention, such as carbon black [41], graphite [28], carbon
nanotubes [42] and graphene [43, 44]. However, the limitation of the contents of the fillers
influences the thermal conductivity of the composites. Furthermore, it is difficult to dispense
the fillers uniformly within the matrix. Thermal oxidation aging can also cause significant
weight loss in the polymer matrix, resulting in a filler loading change which can be exhibited
by a prompt alteration in electrical resistivity and viscosity of the TIM [45].

To fulfill current and future thermal and thermomechanical requirements in the electronics
packaging, the TIM requires heat transport at submicron scales, the compatible
manufacturing processes used and the resiliency helping the conformability to the topography
of the mating surfaces. In this sense, it is imperative to develop novel competent TIMs with
improved thermal performance and long-term reliability in microelectronics systems.
Secondly, it is important to control the dimension of the novel TIMs to satisty the miniaturized
package structure. Finally, the TIMs should be facilitated so as to be assembled or compatible
with the current packaging process.

1.2 Scope and outline

The thesis is organized into 5 chapters. Chapter 1 presents a general introduction about
lead-free solders and TIMs. Chapter 2 emphasizes the analysis of the nano-scale oxide of the
solder particles. The oxide thickness of solder powders is investigated by transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM). Chapter 3 is
devoted to the preparation and characterization of a new class of TIMs, the nano-scale fiber
metal matrix composite, including polyimide (PI) fiber-InSnBi, PI fiber-indium and PI
fiber-SnAgCu composite. Chapter 4 introduces the fabrication and characterization of boron
nitride (BN) fiber-indium and carbon fiber-SnAgCu composite. The outlook and conclusions
are given in chapter 5.



Chapter 2

Characterization of nano-scale oxide of
lead-free solder particles

In this chapter a general introduction about the oxide studies of Sn materials, including the
sample preparation, applied equipment and basic results is described. Afterwards, the results
from the TEM and STEM deployed to directly observe the nano-scale oxide of lead-free solder
particles are presented.

2.1 Reviews of the Sn oxide studies

One of the eldest studies related to the thickness measurement of the Sn oxide film is done by
coulometric and polarization methods [46, 47]. However, these methods are not suitable for the
micron-sized lead-free solder particles. Auger Electron Spectroscopy (AES) has been later
developed and employed for in-depth analysis of Sn oxide [19, 48, 49]. This measurement
could provide an oxygen concentration-depth curve, but the criterion to determine the
thickness of oxide is arbitrary. For instance, a whole oxygen containing layer is denoted as
“oxide film” in ref. [48] while ‘half-height’ of oxygen is considered as an estimate of the
oxide-substrate interface in ref. [19, 49].

Beside the investigation into the oxide thickness, the chemical composition of the oxide is
another important issue. Although only two Sn-O compounds, Sn;O4 and SnO,, are presented
at room temperature according to the Sn-O phase diagram (Figure 2.1), the composition of Sn
oxide is proved more complex in practice. SnO and SnOy (0<x<2) have also been reported
when the oxidation of Sn is incomplete [50-52]. Yuan et al have reported that the outermost Sn
oxide phase is SnO, and that the SnO phase would eventually transform into SnO, phase after
prolonged annealing [50]. Hart et al have examined the oxidation process of a thin Sn foil
in-situ by electron microscopy [51]. The resulting electron diffraction patterns reveal that there
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is a gradual transition of Sn oxide (Figure 2.2), through an amorphous oxide in the cooler
regions and a crystalline SnO stage to the higher valency oxide, SnO,.
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Figure 2.1: Binary Sn-O phase diagram [53].

Figure 2.2: Electron diffraction patterns of Sn oxide transited with oxidation time [51].

2.2 Characterization of nano-scale oxide of lead-free solder
particles

2.2.1 TEM and STEM analysis

Lead-free solder particles of Sn-3.5Ag-0.5Cu (wt.%) are provided by the Henkel Technologies
Company. The shape, size and dimensional distribution of the solder particles are shown in
Figure 2.3. The particles are almost spherical and their diameters range from 5 to 35 um. To
study the oxide growth, these powders have been exposed to air (70% relative humidity) and
heated to 150 °C for 0, 120 and 240 h, respectively.

Because conventional techniques for TEM sample preparation, such as electrolytic jet
thinning or ultramicrotome, are unsuitable for the micro-scale particle sample, focused ion
beam (FIB) technology has been employed to avoid destroying or changing the solder oxide.
First, the solder powders are cleaned in acetone by ultrasonication for 10 min to remove any
surface contamination, then they are mixed with resin and the mixture are inserted into a 3 mm
diameter Cu tube. After completely cure of the resin, the solder-filled Cu tube is cut into slices
with 0.5 mm thickness and thinned down to 0.05 mm with grinding and denting machines.
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Finally, the Cu tube is removed mechanically, and the sample is affixed to a common carbon
film TEM carrier with a specific TEM-use adhesive. The FIB system has been used to etch the
sample to about 100 nm in thickness. It is worth noting that the solder powders are filtrated
from a 500# stainless steel strainer (with holes of 25 pm diameter) before the TEM sample
preparation. The purpose of the filtration is to make the particles’ dimension uniform and make
sure the observed cross section of the solder powders is nearly equal to their radial section

10pum =—

Figure 2.3: Scanning electron microscope (SEM) image of the pristine lead-free solder
particles.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
analysis is quite a new technique as a hybrid test performed on modified TEM, which is
originally proposed by Howie [54] in the 1970s and rapidly developed in the 1990s [55]. Its
generic principle is illustrated in Figure 2.4 [56]. The electrons transmitted from the sample
that are illuminated by the scanning beam may be divided into three regions based on their
interactions with the specimen. These regions can be visualized as three coaxial cones of
increasing angularity whose common vertices are at the point of transmission. The central and
intermediate cones could be detected as the bright field (BF) and dark field (DF) images,
respectively. The third and widest cone contains electrons that have been scattered through
high angles by interactions with the atomic nuclei in the sample. The intensity of this signal is
primarily a function of the sample’s atomic number. Images formed from this are known as
Z-contrast images. Therefore, the contrast of HAADF images is strongly dependent on the
average atomic number of the sample, which could be used to distinguish the oxide of solder
particles from the pure matrix metal.

TEM image of the pristine sample of the solder particle without oxidation treatment is
shown in Figure 2.5, in which the white (left) region corresponds to the SnAgCu matrix; the
narrow grey (middle) domain corresponds to the oxide layer and the dark (right) region
corresponds to epoxy. The interface between the solder matrix and oxide layer is clearly visible.
The thickness of the oxide layer is around 5 nm. From Figure 2.6, the thickness of the oxide
layer of the solder sample with 120 hours of thermal oxidation is measured at about 50 nm.
The 120 hour oxide growth sample is also tested by line scanning analysis to confirm oxide
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layer location. The red line in the top left sub-graph in Figure 2.7 indicates the scanning path
across the oxide layer. The distribution of the oxygen element shows an oxygen-rich platform
indicated by a double arrow line corresponding to the oxide layer (see Figure 2.7). The width
of the region is also about 50 nm.
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Figure 2.4: Illustration of the bright-field, dark-field, and high-angle annular dark-field
functions of a STEM [56].
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Figure 2.5: HAADF-STEM image of oxide layer of the pristine solder particles with 0 h
oxidation growth.



Solder oxide

m—— 7( nm
o

Figure 2.6: HAADF-STEM image of oxide layer of the solder particles with 120 hours
oxidation growth.
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Figure 2.7: STEM analysis of the oxide layer of the solder particle with 120 hours oxidation
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2.2.2 AES analysis

AES is a non-destructive and nano-scale distinguished electron spectroscopy for
semi-quantitative determination of the elemental composition of surfaces, thin films and
interfaces [57]. AES can be used for depth profiling with simultaneous ion sputtering. The
principle of the spectroscopic technique underlies the Auger effect, discovered by Pierre Auger
[58], which is based on the analysis of energetic electrons emitted from an excited atom after a
series of internal relaxation events.

As mentioned in section 2.1, because of a lack of clear metal-oxide interface, it is difficult to
determine the thickness of the oxide layer from the oxygen concentration-depth profile
detected by AES. Neither the ‘all oxygen’ method [48] nor the ‘half-height” method [19, 49] is
correct in terms of our TEM results (Figure 2.5 and 2.6). Herein, an intersection analysis
method for the AES results is introduced. As shown in Figure 2.8, tangent lines of the initial
downward slope and the baseline of the oxygen curve intersect at a point (indicated by a black
dot) which could be recognized as the location of the solder matrix-oxide layer interface. For
the pristine sample (Figure 2.8) and the 120 hour oxide growth sample (Figure 2.9), the
thicknesses of their oxide are 5 nm and 50 nm, respectively, according to the intersection
method. For 240 hour oxide growth sample, the oxide thickness is about 70 nm via the same
method (Figure 2.10).
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Figure 2.8: AES depth profiles for the pristine solder particles with 0 hours oxidation growth.
Thin line indicates Sn, thick line indicates O, dashed line indicates Ag and dotted line
indicates Cu. (These indications are the same in Figure 2.9 and 2.10)
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Figure 2.9: AES depth profiles for the solder particles with 120 hours oxidation growth.
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Figure 2.10: AES depth profiles for the solder particles with 240 hours oxidation growth.

Figure 2.11 shows the relationship between the oxide thickness and the oxidation time of
the solder particles in our case. The thickness is proportional to the square root of the
oxidation time with a high degree of confidence. It is believed that the oxide growth is
controlled by the diffusion of oxygen [59, 60].
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Figure 2.11: Increase of oxide thickness as a function of oxidation time for lead-free solder
particle at 150 °C.

2.3 Summary and Discussion

In conclusion, the thickness of the oxide layer in micro-dimensional solder particles has been
studied by TEM, STEM and AES technologies, respectively. An intersection analysis for AES
profiles is introduced to determine the oxide thickness of the solder powders. The surface
oxide thickness is proportional to the square root of the oxide growth time. Though requiring
more care in sample preparation, the measurements by TEM and STEM are more direct and
precise.
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Chapter 3

Characterization of polymer fiber metal
matrix composite-based TIM

This chapter is to introduce and characterize the TIMs based on electrospun PI fibers and
different infiltrated metal matrices. Section 3.1 introduces the composite design of the novel
TIMs and their fabrication processes. Section 3.2 studies the heat dissipation performance of
the PI fiber-indium composite-based TIMs. Afterwards, the mechanical properties of the
composite are investigated in section 3.3.

3.1 Fabrication of polymer fiber metal matrix composite-based
TIM

3.1.1 Composite design of TIM

There is a critical need for TIMs to spread heat from logic components or chips in multi-chip
packages. Generally, the TIM used between the heating unit and heat spreader is called TIM1
and TIM2 is sandwiched between the heat spreader and heat sink. A typical heat spreader or
heat sink is constructed of Al or Cu with high thermal conductivity. The coefficient of thermal
expansion (CTE) mismatch between Al or Cu and Si chips requires that the TIM should absorb
strain as well as dissipate heat. As mentioned before, with the development of increasing
transistor integration and sophisticated packaging technologies, polymer-based TIMs cannot
fulfill the urgent demands for thermal conduction in high-power electronic packaging because
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of their low thermal performance in the 4-5 W/mK range [4, 24, 29, 31, 33]. Consequently,
metal matrix based TIMs have been attracting considerable attention.

The choice of metal is always the lead-free solders due to their inherent high thermal
conductivity (one order of magnitude larger than polymer-based TIMs), compatible assembly
technologies (same soldering conditions in reflow), negligible contact resistances (fill all gaps
by melting solder) [61]. Numerous solders have been extensively employed in thermal
dissipation applications, namely die attach materials of power semiconductors. Generally, the
higher the bond strength, the better the thermal dissipation [62]. However, the large
mechanical strength in the solder joint results in severe stress at the interface, especially
during the thermal cycling. The thermomechanical issue is chronic for the SnAgCu solders
because this solder has large modules and very low ductility. The feasibility of indium as a
TIM has been considered [63, 64], including by Advanced Micro Devices (AMD) [65] and
Intel cooperation [66]. Indium exhibits superior thermal performance due to its high thermal
conductivity (82 W/mK) and excellent wettability with most surfaces [67]. In addition, the high
ductility of indium is favorable for relieving mechanical stress caused by CTE mismatch
between the heat spreader and silicon chip [68, 69]. Furthermore, the low melting temperature
(Ty) of indium (156 °C) makes the reflowing temperature lower in comparison with tin-based
lead-free solder, which benefits the packaging of fragile, thermally sensitive next-generation
devices containing polymers, nano- or biomaterials [70]. However, pure indium suffers from
easy deformation due to a very low normal yield strength (1~2 MPa) [68]. It also has poor
creep resistance during both handling and usage, especially at high temperatures [71].

The mechanical problem of these solders can be circumvented by introduction of polymer
fiber networks to adjust the mechanical properties [72, 73]. With the introduction of the
polymer fibers, the stiffness of the SnAgCu matrix composite decreases and the strength of
the indium matrix composite increases. The choice of the thermosetting PI material is due to
its excellent mechanical properties, good thermal stability, low water absorption and excellent
corrosion resistance. [74-76]. The ultimate tensile strength (UTS) of PI materials is in the range
of 100 MPa [77]. At the nanoscale, it is reported that the PI nanofiber (300 nm in diameter) has
an average UTS of 1.7 GPa and axial tensile modulus of 76 GPa [78]. Besides the fiber itself,
there are many advantages for the composite design. Firstly, the polymer fiber network in the
composite design could be tailored to various sizes to satisfy the sophisticated requests in
microelectronic production and its thickness could be controlled. Secondly, the thickness of
fibers film provides a certain space for the melting metal to avoid the outflow issue. Finally,
the introduction of the fibers could absorb thermomechanically induced strain to improve the
reliability of metal based TIMs. The polymer fiber-indium composite for large scale usage is
also cost-effective compared to the pure indium TIM.

3.1.2 Fabrication processes and microstructure analysis of polymer
fiber-metal matrix composite

The polymer fiber-metal matrix composites are fabricated using a procedure including three
main steps as shown in Figure 3.1.

1. The polymer fibers are electrospun from PI (Matrimid 5218, Huntsman Advanced
Materials) dissolved in N, N-Dimethylacetamide (DMAC) (Sigma-Aldrich). Electrospinning
is performed at a voltage of 20 kV, a feed rate of 2 mL/h and a 20 cm distance between the
cannula and the collector (Nanofiber Electrospinning Unit, Kato).
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2. To improve the wettability with metal/alloy, the PI fiber network is rinsed in absolute
ethanol followed by DI water to wash off organic residues. The mesh is then immersed in 4
M KOH aqueous solution at 80 °C for 30 min to induce imide-ring cleavage and form a
potassium polyamate layer in the polymer chains on the surface of each fiber. After rinsing
with DI water, the fibers are immersed in 100 mM AgNO; aqueous solution at room
temperature for 30 min to induce an ion exchange process in which the bound potassium ions
are replaced by silver ions. Following another rinsing with DI water, the Ag" ions are reduced
to form a silver coating on the fiber surface by immersion in I mM DMAB aqueous solution
at room temperature for 30 min. After a final rinsing in DI water, the residual layer of
polyamic acid is re-imidized through a thermal treatment in a nitrogen atmosphere at 350 °C
for 30 min.

3. Finally, the surface functionalized nanofiber structure is placed in the evacuated mould
cavity of our homemade squeeze casting system. The mould temperature is raised to a high
temperature and infiltration of the liquid metal is carried out at 30 MPa pressure (maintained
for 10 seconds) [73]. The subsequent mould cooling relied on cycling water at a cooling rate of
about 20 °C/min. Generally, the applied temperature during infiltration is 20 °C higher than
the melting point of the chosen metal. There are three types of metal applied as shown in
table 3.1.

Figure 3.1: Schematic illustrating the principal structure and functionality of the developed PI
fiber metal matrix composite-based TIMs. The fiber carrier formed by electrospinning (a),
surface modification on the fiber (b), and pressure-assisted infiltration of metal matrix (c).

Table 3.1: Infiltrated metal for PI fiber metal matrix composite-based TIM.

Infiltrated Melting Operating . .
metal oint temperature for Specification
P the TIM
*  Step soldering
[nSnBi 60°C <50°C ' . T'emperature-sensmv.e co'mponentsz
1.e. fusible alloys/fuse applications, plastic
device, bio-device
*  Step soldering
Indium 157°C <140°C *  General usage providing high thermal
conductivity
SnAgCu 220°C <200°C *  Compatible with lead-free soldering

technology
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Figure 3.2a displays a SEM image of the resulting electrospun PI fibers with random
orientation and 3D fibrous network. The mean diameter of the fibers is approx. 780 nm (std.
dev. 240 nm). The insert picture in Figure 3.2a shows the PI film electrospun with a large size.
In contrary to the smooth surface of a single PI fiber shown in Figure 3.2b, compact and
uniform Ag nanoparticles are coated on the surface of the fiber after surface modification
(Figure 3.2c). Figure 3.2d reveals that high porosity fiber networks are infiltrated by indium.
The insert in Figure 3.2d shows the final PI fiber-indium composite. The thickness of the
composite is about 0.05 mm and mechanical test specimens are cut from the film. Figure 3.2¢
and f show the final PI fiber-InSnBi and PI fiber-SnAgCu composite, respectively. Clearly,
interspaces among fibers are all filled by infiltrated metal, creating a composite with a
continuous metal phase in a fibrous polymer phase.

The microstructural details of the PI fiber-indium composite have been investigated
thoroughly. An X-ray diffraction (XRD) patterns ollected in Figure 3.3 confirm the deposition
of Ag and the peak in the range of 15°~30° indicates amorphous structure of the fibers. The
composite shows the characteristic peaks of indium without deviation from the standard
sample of indium, indicating no lattice deformation or inner stress inside the composite
material.

The TEM samples of the PI fiber-indium composite are fabricated by an analytical dual
beam FIB system (Nova 600 NanoLab, FEI) with a Ga" ion beam current of 7 nA at 30 keV.
Figure 3.4a shows a site-specific region with a protective platinum layer along a PI fiber;
trenches are then milled on both sides of the fiber to create a 5 pm thick foil as shown in Figure
3.4b. Next, the TEM foil is attached using a micromanipulator (Figure 3.4¢), and lifted out after
separation from the bulk. Finally, the TEM foil is transferred to a fixture assembled in a single
tilt-straining holder, and a final FIB etching is performed to obtain about 100 nm thickness
(Figure 3.4d). Using the single tilt-straining holder, the TEM foil can be also tested by the
in-situ TEM straining analysis.

In order to investigate interfacial information between the PI fiber and infiltrated metal, the
FIB-fabricated TEM foil in Figure 3.5d is detected by STEM to show the HAADF imaging at a
fiber-indium interface. BF TEM imaging, selected area electron diffraction (SAED) and
energy dispersive X-ray detector (EDX) are employed to analyze the fiber, indium and their
interface, respectively. Figure 3.5 shows the BF TEM and STEM images at the same location.
In Figure 3.5a, a fiber’s cross section appears as white while indium appears as black. EDX
analysis inside the fiber (area 1 in Figure 3.5a) shows traces of Ag resulting from its
penetration during surface modification. The Ag nanoparticles are also confirmed by
polycrystalline rings in the SAED of area 1. From the EDX results in area 2, the interfacial
layer is believed to consist of an IMC layer of Agln, [79] which is also confirmed by the
diffraction pattern of area 2. A Z-contrast HAADF-STEM image (Figure 3.4b) reveals the
interface more clearly, in which the fiber is black while indium is white. The grey part (as
shown between dash lines in Figure 3.5b) between them is estimated to be an interfacial layer
with a thickness of about 50 nm. In area 3, EDX analysis shows 100% indium as expected, and
the diffraction pattern also shows the orientations of indium.

Figure 3.6 shows the morphology of the TEM sample of the PI fiber-SnAgCu composite.
Figure 3.6a is the overview of the sample with the solder alloy (black contrast) on the left side
and polymer fiber (white contrast) on the right side. With a close look at the interface between
the SnAgCu matrix and PI fiber, two different morphologies are detected: an interfacial layer
as shown in Figure 3.6b and a direct contact area between the solder and polymer fiber in

Figure 3.6¢. It seems that the formation of the IMC layer is not continuous along the interface,
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indicating that some of the Sn dissolves into Ag during the infiltration process. From the solder
part, the precipitated Ag;Sn and CueSns particles are observed on the Sn matrix as shown in
Figure 3.6d, which is the typical microstructure of a SnAgCu alloy.

& -

—um — 2pum

Figure 3.2: SEM images of electrospun PI fibers (a), a single PI fiber (b), an Ag-coated PI fiber
(c), PI fiber-indium composites (d), PI fiber-InSnBi composite (e) and PI fiber-SnAgCu
composite (f). The inserts in (a) and (d) are digital images of the electrospun fiber film and PI
fiber-indium composites.
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Figure 3.3: XRD diffraction patterns from Ag-coated PI fibers and PI fiber-indium composite.

Figure 3.4: SEM images of FIB fabrication steps for the preparation of the in-situ TEM
straining sample showing the chosen area with Pt deposition (a), cutting the side trenches (b),
attaching with micromanipulator tip for lift-out (c) and the final sample attached to a fixture in

a single tilt straining holder (d).
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Figure 3.5: BF TEM (a) and HAADF STEM images (b) at the same interface between
Ag-coated PI fiber and indium. Boxes in (a) indicate different areas for SAED and EDX
analysis and dash lines in (b) indicate the interfacial layer of the composite.

Figure 3.6: TEM images of PI fiber-SnAgCu composite (a), fiber/SnAgCu interfaces (b, c),
and SnAgCu matrix (b).
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3.2 Thermal performance of polymer fiber metal matrix
composite-based TIM

3.2.1 Thermal conductivity tests

Thermal conductivity measurements for the polymer fiber metal matrix composite-based TIM
are employed using a xenon flash instrument (LFA447 Nanoflash, Netzsch Gerdtebau GmbH)
[80]. In this transient non-contact method, the sample is subjected to a short energy pulse on
one side and the temperature rise on the opposite side is recorded with an InSb infrared detector.
From the characteristics of the detected transient temperature, the thermal diffusivity (o) of the
tested material can be evaluated, and the thermal conductivity (K) can be obtained via the
expression:
K=apC,
where p 1s the density and C, is the specific heat of the sample.

On the other hand, the through-plane thermal conductivity of the composites is calculated
using Lee’s methodology, the proportional relationship between the total thermal resistance
and bondline thickness [81]. Several samples of the composite with different thicknesses are
sandwiched between two copper plates (8<8 mm?, 1 mm in thickness) by reflow (180 °C for
the fiber-indium composite and 250 °C for the fiber-SnAgCu composite, 80 s, at 200 kPa
pressure). Before the reflow, each copper and TIM is immersed in hydrochloric acid (10% vol.)
for 1 min and rinsed with deionized water to remove oxides. The total thermal resistance (Rrotar)
between the two Cu plates includes the thermal resistance of TIM (Rrn) and the contact
resistances (2Rcontact) between the TIM and Cu. By varying the thickness of the TIM as an
intermediate layer, the interfacial thermal resistance can be extracted by linear regression of
Rrotar versus the thickness (d):

Rrota™= Rriv + 2Rcontact = d/k + 2R contact

Figure 3.7 sums up the results of the measured thermal conductivity of the polymer fiber
metal matrix composites with different matrices. It can be understood that the thermal
conductivity of the composite are related to its infiltrated metal matrix.

80
60
40
20 8

0
PI fiber-InSnBi  PI fiber-SnAgCu PI fiber-indium  Grease

B Through-plane ™ In-plane

Figure 3.7: Thermal conductivity results of these polymer fiber metal matrix composites
compared to a commercial grease TIM.
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3.2.2 Thermal dissipation test system

In order to study the thermal performance of the PI fiber-indium composite for in-situ
industrial applications with various dimensions, thermal test chips of different sizes are
fabricated. 5x5, 10x10, 20x20 and 30x30 mm? chips are designed on a 3-inch wafer, as shown
in Figure 3.8. Resistance temperature detectors (RTDs) composed of Ti/Pt/Cu (20/40/40 nm)
are fabricated on the surface of the Si wafer via standard photolithography, electron beam
evaporation and lift-off processes. It is conceivable that a larger stress exists on the interface
when a larger sized TIM is used. The RTDs act as heating components to simulate the
hot-spots of the chips in operation, and this testing system is used to monitor and record the
hot-spot temperatures.

Figure 3.8: Layout of the test chips with various sizes and RTD designs fabricated on a 3-inch
wafer.

According to the dimensions of the test chips, four different heat spreaders are fabricated
using a high thermal conductivity alumina materials. In the center of the heat spreaders, there
are square pads of 5x5, 10x10, 20x20 and 30x30 mm? respectively, metalized via the
electroless nickel/immersion gold (ENIG) process for Au wire bonding as shown in Figure 3.9.
The sandwich-like thermal dissipation testing system is designed as shown in Figure 3.10,
which considers one dimensional heat flow path through the TIM layer from the test chip to
the heat spreader. To assemble the system, Ti/Au (20/100 nm) layers are sputtered onto the
back of the chip to form metallic bonding with the TIM. Indium-dedicated flux (Tacflux012,
Indium Corporation) is screen-printed on the central area of the heat spreader and the back of
the chip. The TIM films sandwiched between the test chips and heat spreaders subject to a
reflow process (90 s, 180 °C) at 200 kPa pressure. The chips and heat spreaders are connected
by wire bonding with Au wire (25.4 um diameter). Figure 3.11 shows the packaged testing
systems. Commercial thermal grease is also sandwiched on a 5x5 mm® test frame for
reference.

The junction-to-case thermal resistance (Ryjc) can be determined by the heat dissipation
testing system, which is defined as:

Riyc= (Ty = Tc) / P
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where Tj is the junction temperature of the chip measured by the RTD components, Tc is the
case temperature, tested by a thermocouple placed on the bottom surface of the heat spreader. P

is the heating power of the chip controlled by a voltage input of RTDs. All the testings are
conducted in still air at room temperature.

Figure 3.9: Various heat spreaders according to the size of test chips.

Resistance temperature detectors (RTDs)
TIM ~Auwire bonding

Heat spreader

Figure 3.10: Illustration of the thermal dissipation testing system.

Figure 3.11: Packaged thermal dissipation testing systems assembled with different sized
chips and TIMs: 5x5, 10x10, 20x20 and 30x30 mm®.
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Figure 3.12 gives the T) testing results detected by the RTDs under different input powers.
The T; of the PI fiber-indium composite-based TIM is lower than that of thermal grease in each
power loading, and the difference is increased linearly with increasing power loading. Figure
3.12 also shows the influence of the dimension of the composite-based TIMs on the T;. The

lowest junction temperature appears on the 30x30 mm” sample in each power level and the
difference increases with the power level.
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Figure 3.12: T; variation detected by thermal dissipation testing systems under different input
powers.

Ryc of the heat dissipation testing system is calculated and the average value at different
power levels is shown in Figure 3.13. The 5x5 mm’ sized packaging system decrease 50% in
Rujc when the TIMs changed from commercial thermal grease to the PI fibers-indium
composite-based TIM. It is shown that the larger area of the PI fibers-indium composite-based
TIM used, the lower the Ryyyc of the packaged system is observed.
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Figure 3.11: Average Ry,jc from the thermal dissipation testing systems with different sized
chips and PI fiber-indium composite TIMs: 5x5, 10x10, 20x20 and 30x30 mmz, and the
reference packaged system with 5x5 mm” sized chip and thermal grease TIM.
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3.2.3 Thermal reliability tests

In order to evaluate the long-term reliability of the polymer fiber metal matrix composite,
thermal cycling test from -40 to 115°C at a heating/cooling rate of 5 °C/min is carried out. The
changes in thermal resistance of the PI fiber-indium composite and pure indium sample are
presented after different cycles in Figure 3.12. The overall trend is that the thermal
performance of the PI fiber-indium composite is found to be more stable than the pure indium
TIM. On average, the PI fiber-indium composite samples increase by 10% while the indium
samples increase by roughly 25%. This indicates that the PI fiber-indium composite can
provide good reliability comparing to the pure indium TIM.
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Figure 3.12: Variation of thermal resistance of the PI fiber-indium composite during thermal
cycling test in comparison with pure indium sample.

The changes in thermal resistance of the PI fiber-SnAgCu composite sample are presented
in Figure 3.13. After 1000 cycles, the thermal resistance of the PI fiber-SnAgCu composite is
found to be largely unaffected, which indicate that the joints are kept reasonably intact through
the thermal cycling. Most of the samples stayed within 20% of the initial resistance. Only one
sample shows an increase in the range of 20-40%.

-
[=2]
o

-
N
o

- o
o N
o o
b
\

e 4

1

i

1

\
S ]

!

1

\

1
+ +

1

1

i

|

|

1

I

1

1

[}

i

1

1
]

Thermal interface resistance, R(h [%]
B @D =]
(=] [=] o
+

N
o
T

0 \ . \ . . . . . . \
0 100 200 300 400 500 600 700 800 900 1000
Cycles [No.]

Figure 3.13: Variation of thermal resistance of the PI fiber-SnAgCu composite during
thermal cycling test.
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3.3 Mechanical properties of polymer fiber metal matrix
composite-based TIM

3.3.1 Shear tests of PI fiber-InSnBi and PI fiber-indium composite

PI fiber-InSnBi composites with different thicknesses (50 pm, 70 um and 100 um) are
reflowed at 70 °C for 3 min in air between two PCBs with an Sn coating under the a pressure
of 1, 2, 3, 4, 5 and 10 Psi, respectively. The shear speed is 2 mm/s. Shear strength can be
obtained from the ratio of maximum shear force and the size of TIM. As shown in Figure
3.14, the shear strength of the 70 um and 100 pum samples show a similar trend and exceed
the strength of the 50 um thick samples. From 1 Psi to 4 Psi, the shear strength increases
slightly along with increasing pressure, while from 4 Psi to 10 Psi, the shear strength begins
to decline.

Shear strength of all the samples
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Figure 3.14: Shear strength of PI fiber-InSnBi composites with different thicknesses and
reflow pressures.

The samples with 50 um thickness soldered under pressure of 1 Psi and 10 Psi are shown in
Figure 3.15a and b, respectively. The sample with higher shear strength shows almost no
overflow of the InSnBi alloy, while the overflow has occurred in the samples with lower
strength. The shear strength of the composite is attributed to the solders wetting with the
mating surfaces. It is expected that the thicker TIM contains more metal so it retains higher
shear strength even at higher reflow pressure.
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Figure 3.15: Shear fracture of 50 pum thlck PI fiber-InSnBi composr[e samples reﬂowed ata
pressure of 1 Psi (a) and 10 Psi (b).

To investigate the thermomechanical reliability of the PI fiber-InSnBi composite, a
heat-humidity test is conducted in conditions of 40 °C and 93 % Relative Humidity (RH) for
0, 2,4, 10, 21 and 56 days, respectively. The shear strength of the composite does not vary
largely as shown in Figure 3.16. The shear strength decreases slightly at first after the thermal
and humidity test for 2 and 4 days and then increases a little after the thermal and humidity
tests over a longer period time. The bonding between the InSnBi alloy and Sn coating layer is
affected by the penetration of the moisture at first and then enhanced by the diffusion of the
metal at such temperature.
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Figure 3.16: Shear strength variation of PI fiber-InSnBi composite after heat-humidity tests.

The shear tests of PI fiber-indium composite are also carried out by sandwiching them
between PCBs with an ENIG layer, Cu and Sn coating, respectively. As shown in Figure 3.17,
the shear strength of the bonding interface between the TIM and the Sn metal can reach as
high as 4 MPa and is the highest among the three types of pads.
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Figure 3.17: Shear strengths of the PI fiber-indium composite with different mating surfaces.

Also, the mechanical reliability of the samples is tested in the 85°C and 85RH
environments based on GB/T2423.3-2001 [82]. Figure 3.18 shows slight variations in the
shear strength of the composites with different holding times in the 85/85 environments,
indicating the great moisture/oxidation resistance of such materials. Generally, the Sn and
Cu coating is sensitive to the oxidation or corrosion in the heat and damp conditions, the
good wettability of the indium matrix renders the close coverage on the mating surfaces, and
then guarantees the consistence of the shear strength.
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Figure 3.18: Shear strength variation of PI fiber-indium composite after 85/85 heat-humidity
tests.
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3.3.2 Tensile test of PI fiber-indium composite

The tensile properties of PI fiber-indium composite-based TIM are investigated at different
temperatures and strain rates. The tests are conducted at 20, 50 and 80 °C (0.68, 0.75 and 0.82
Twm), respectively, which are typically applied temperatures for TIMs in-field. Pure indium
samples are also tested for inference.

Figure 3.19 shows the engineering stress-strain curves of the composite and pure indium
tested at various temperatures with a strain rate of 1x10™ s™'. The stress initially increases
nearly proportionally with the strain. As the strain further increases, the slopes of all the
composites’ curves begin to fall. On the other hand, all the curves from the pure indium
samples show a turnaround due to the stress saturation and necking [68]. However, the
turnaround in the composite’s curve at the stress maximum corresponds to the initiation of
macroscopic crack of the composite from its one edge. The stress then reduces with the
propagation of the crack.
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Figure 3.19: Engineering stress-strain curves of PI fiber-indium composite and pure indium at
various temperatures with a strain rate of 1x10™ s™.

Since the effect of temperature is considerable, table 3.2 summarizes the averaged
parameters including yield strength, UTS, tensile modulus and elongation at fracture. The yield
strength is the tensile strength at a strain of 0.2%, which is decreased with increasing
temperature for both the composite and indium. At 20 °C, the UTS of the composite is 5 times
greater than that of pure indium. Evaluation of the Ag-coated fiber network without indium
shows a tensile strength of less than 3 MPa (already considering real area of the cross section).
The deterioration in strength is caused by the chemical treatment which is also reported by
[83]. Therefore, the strength of the composite exceeds the summation of the strengths from
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both the fiber network and indium by weight ration. The tensile modulus is calculated at a
strain of 0.02% rather than 0.2% as normal, because of the relatively small elastic part during
the deformation. This is the reason that the theoretical value of Young’s modulus of indium (12
GPa) at room temperature is usually measured via a non-destructive method [84] other than
tensile testing. Therefore, the value of the calculated modulus herein is lesser [69]. The
elongation at fracture for composite samples is the strain at the maximum stress. For indium
samples, the elongation at fracture is determined empirically owing to the wide necking range.
It is noted that the elongation of indium is much less than the reported value [68, 69]. This is
due to the fact that our tensile samples is in the form of film and the threshold of the crack
initiation is lower than that of the rod samples used in other refs..

Table 3.2: Engineering yield strength, UTS, tensile modulus, elongation at fracture of PI
fiber-indium composites and pure indium samples.

sample VT S UTSOMPY) i Che fractue (06
Composite, 20°C 1023 13153 10.6%1 5 0.9%51
Composite, 50°C 4,598 8.671 4,594, 1.9%972
Composite, 80°C 1.5%%1 5.91%8 2.01992 3.6%3,

Indium, 20°C 1.8%04 1.9%9% 4,301 >5
Indium, 50°C 1.415:98 16153 1.8799% >6
Indium, 80°C 1.3+093 1.3+098 0.7+0.02 >4

Figure 3.20 shows the effect of strain rate on the UTS of the composite at 20 °C. In spite of
specimen-to-specimen variation, a clear trend can be seen that the UTS of the composite is
inversely proportional to logarithmic strain rate in the range from 5e¢” to 5e” s”'. For most
metallic materials, the UTS increases with increased strain rate [85, 86]. The contrary indicates
that the introduction of a fiber network and the resulting interaction with indium exhibit new
strengthening mechanisms for the composite.

Figure 3.21 shows crack morphologies of the PI fiber-indium composites after tension. In
all tests, the tensile cracks are found to propagate from one side of the sample to the other side.
The morphologies of cracks from indium are similar, so only one tested at 20 °C is shown in
Figure 3.21. At the crack tip of the indium, there is a yielding area resulting from the local
stress concentration indicated by an arrow in Figure 3.21a. The crack from the indium sample
propagates with the fracture and movement of the yielding area. With the introduction of fibers,
the mechanism of crack growth is more complicated. In spite of the difficulty in concluding the
effect of the 3D fiber network, it is believed that the arrangement of the network could change
the propagation of cracks. As indicated by the arrows in Figure 3.21b, there are many fibers on
the boundaries of the crack and the fibers indicated by black arrows change the direction of the
crack. It is speculated that the crack is apt to occur at the fiber-indium interfaces and propagate
along the interfaces. One of the most remarkable differences of cracks at different temperatures
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is that the structures of composites become looser after tension at higher temperatures. In
Figure 3.21d, debonding from fibers and indium almost occurs in the whole sample and not
only along the tensile crack, which results in largest elongation (Figure 3.19). In addition, the
number of breakages of fibers (as marked by circles in Figure 3.21b) is counted from Figure
3.21 excluding the cracked parts. There are about 60, 30 and 20 breakages of fibers visible from
Figure 3.21b, c and d, respectively. These counts indicate tensile stress loading levels along the
fibers. At 20 °C, fibers play an important role in enduring the high tensile stress of the
composite until the fibers break. At higher temperatures, debonding at the fiber-indium
interface occurs before the fibers reach to their breaking point.
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Figure 3.20: UTS variation with strain rate of PI fiber-indium composite at 20 °C.
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Figure 3.21: SEM morphologies of tensile cracks of indium tested at 20 °C (a) and PI
fiber-indium composites tested at 20 (b), 50 (c¢) and 80 °C (d).
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The effects of the fiber on the novel composite are further analyzed via fracture
morphologies in Figure 3.22. The fracture of indium is dominated by ductile fracture in shear
modes. Moreover, the indium necks to an edge, as shown by arrows in Figure 3.22a, and the
reduction in area is close to 100%. In the composite, broken fibers and black holes resulting
from the fibers’ pulling out are detected. The smooth surface of the fibers indicates that the Ag
coating shown in Figure 3.2¢ has been consumed and resulted in an Agln, IMC that attaches to
the indium matrix.

'2 pm

Figure 3.22: SEM fracture morphologies of indium after tensile tested at 20 °C (a) and PI
fiber-indium composite tested at 20 (b), 50 (c) and 80 °C (d)

Figure 3.23 shows XRD patterns of the PI fiber-indium composites after tensile tests at
various temperatures. The extraordinarily strong peak of (112) from the sample tested at 20°C
indicates the existence of the preferred orientation of the indium resulting from the severe
stress in the tensile test. With the rise in temperature, the lattice orientation of the composite
normalizes and other diffraction peaks are more obvious due to the recrystallization of indium.
Considering the position of the (101) peaks, the interplanar spacings of the planes from
samples tested at 20, 50 and 80 °C is calculated by Bragg's Law to obtain to be 2.653, 2.691
and 2.715 A, respectively. The interplanar spacing of (101) plane from standard indium is
2.715 A, indicating that large lattice deformation or compression of indium exists in the sample
of the composite tested at 20 °C other than the sample tested at 80 °C.
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Figure 3.23: XRD patterns of PI fiber-indium composites after tensile tests at 20, 50 and 80 °C.
All the diffraction peaks derive from indium.

In-situ TEM straining is an essential technique for observing deformation evolution of the
composite at the nanoscale in real time. The samples used for the in-situ TEM testing are
fabricated as shown in Figure 3.4 with 15 um length and 5 um width. Figure 3.25 shows
breaking processes for the PI fiber-indium laminate. As expected, a tensile crack originates
from one of the notches of the indium. The crack propagates perpendicular to the tensile
direction and is arrested at the fiber-indium interface after 150 s (Figure 3.24e). Instead of
peeling of the interface, the fiber breaks elsewhere to release the tensile stress (Figure 3.24f),
indicating a solid bonding between the fiber and indium.
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Figure 3.24: In-situ TEM straining images of PI fiber-indium composite laminate under
tension after 0 (a), 60 (b), 90 (¢), 120 (d), 150 (e) and 153 (f) seconds.
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Figure 3.25 shows another in-situ TEM tensile test and the sample contains three cross
sections of fibers. This sample is prepared to investigate the deformation behaviour of the
composite when the tensile direction is perpendicular to the fibers. The indium in this sample
consists of two grains and the grain boundary (GB) is indicated by black arrows in Figure
3.25a. Under tension, the indium deforms via the slipping of dislocation. There is a plastic
deformed area consisting of slip lines and dislocations at the front of the crack (Figure 3.25b).
As the crack grows, the area becomes larger and moves. Increasing slip lines also appear with
the propagation of the tensile crack (Figure 3.25b, ¢ and d). Figure 3.25¢ shows the slip lines
are arrested by the GB and the fiber-indium interface. The restriction of slip in indium can
reinforce the tensile strength of the composite and affect its elongation. The stress field of
dislocation pileups at GBs could deform the next grain easily because of the low strength of
indium and its various slip systems including (111), (101) and (001) planes [87, 88].
However, fiber-indium interfaces are stronger obstacles for dislocation motion due to the
hard IMC layers and the large diameter of the fiber. Therefore, the fibers could strengthen the
composite by themselves, IMC bonding (Figure 3.24) and the obstructive interfaces (Figure
3.25). Figure 3.25f shows the details on the crack tip. In the front of the crack, there is a
dislocation-free zone (DFZ) which has been detected by many metals [89]. There are
dislocation emission, proliferation and movement at the crack tip. Consequently, two
dislocation arrays on both sides of the DFZ slip to the GB. Although there are various
slipping directions in indium, it is believed that the two location arrays both slip
perpendicularly to the tensile direction. They are not parallel because of the distortion of the
sample in which stress is relieved by cracking on only one side of the sample. Due to the fact
that only (011) plane could be the composition plane of twins in indium [90], we believe
the sole annealing twin grows along the (011) plane and the movement direction of the

dislocation arrays is [ 1 10]. Furthermore, according to the intersection angle between the
dislocation arrays and the slip lines, the crossed slip lines are expected to be divided into (011)

and (10 1) groups.

From the results of tensile tests and in-situ TEM straining observation, a strengthening
mechanism is presented in Figure 3.26. To simplify the situation, we assume a small area,
which contains indium, two continuous fibers (grey) and IMC layer (black) as illustrated in
Figure 3.26. When fibers are almost parallel to the tensile direction (Figure 3.26a), the tensile
strengths of fibers (cfiber) and IMC (o) contribute most of the tensile strength of the
composite, while the strength of indium accounts for a small part. Figure 3.26d shows a
practical example in such a condition when two fibers are embedded in indium matrix. The
indium around them shows a sign of large stretching along the tensile direction. Most of
fiber-reinforced composites have been designed by this strengthening mechanism [91].
However, the fibers with such orientation only account for a small proportion. In the second
case, when fibers are nearly perpendicular to the tensile direction (Figures 3.26b and e), the
tensile strength of the composite should be identical to the strength of indium (Gingium) because
Cindium 1S less than the bonding strength at interface, as Figure 3.24 indicates. However, cracks
often occur at fiber-indium interfaces, as shown in Figure 3.26e, because dislocations of
indium slip to the interfaces, as Figure 3.25 displays, making the interfacial parts susceptible to
cracking. Figures 3.26¢ and f present the most common case in which two fibers intersect at a
certain angle. The two fibers under tension would be rearranged to the tensile direction if
without the existence of indium. With the infiltration of indium, the two fibers compress the
indium in the upper and lower part in Figure 3.26¢. The compression makes the indium deform
and enhances the bonding strength at the interfaces. The bonding strength can be represented as
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shear force at the fiber-indium interface. The stronger compression provides the larger bonding
strength, and thus the higher tensile strength of the composite.
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Figure 3.25: In-situ TEM straining images of a PI fiber-indium composite laminate under
tension after 0 (a), 10 (b), 20 (c) and 50 (d) seconds; (e) is the TEM image of arrested slip lines
by GB and a fiber-indium interface; (f) is TEM morphology on the crack tip and the DFZ
indicates a dislocation-free zone.
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Figure 3.26: Illustration of strengthening mechanisms of PI fiber-indium composite when two

fibers are almost parallel (a) or perpendicular (b) to tensile direction or intersect each other (c);

the grey parts in (a, b, and c¢) denote fibers and black parts denote IMC layers; SEM photos (d,
e and f) correspond to the three typical conditions.

It is noted that there are numerous random-orientation fibers, and even the left and right
parts of indium in Figure 3.26¢ are compressed by other fibers. The indium part and its
surrounding fibers could form a solid mutually reinforcing structure to give enhanced tensile
strength. The compression at the interfaces could protect the integrity of fibers and the fiber
networks serve the composite structure in turn. At 80 °C, the tensile strength of the composite
is lower than that at 20 °C because the planar slip of indium becomes easier, and then the
compressed parts in Figure 3.26¢ deform resulting in the debonding with fibers. The mutually
reinforcing structure could not form, so the tensile strength of the composite decreases, as
shown in Figure 3.19 and table 3.2. The mutually reinforcing structures in the tensile sample at
20 °C have suffered more compression showing more breakages of the fibers in Figure 3.21
and severer lattice distortion of indium in Figure 3.23.

The strengthening mechanism based on the mutually reinforcing structure could also be
used to explain the impact of strain rate. The lower rate of strain gives indium enough time for
recrystallization and deformation [69] to adjust for conformable contact with fibers, thus
keeping larger compression and bonding strength. The dislocation movement is fundamental
for the effect of the compression, as shown in Figure 3.25. It is known that the pileups of
dislocation give rise to a stress field nearby, which increases the compression at the interfaces,
as shown in Figures 3.25¢ and 3.26¢. The ends of slip lines at interface could bring out
dislocations too. With more time for the microstructural adjustment, the solid mutually
reinforcing structure provides enhanced tensile strength. The compression could reach its limit
when the mutually reinforcing structure collapses due to the breakage of fibers or fracture of
indium, then the tensile strength maximum of the composite is detected as shown in Figure
3.19. It is noted that the strengthening mechanism is used to interpret the tensile behaviour of
the composite before its macroscopic fracture. When the tensile stress reaches its maximum,
the mutually reinforcing structure is destroyed and the failure of the composite is like Figure
3.21: a macroscopic crack initializes on indium and grows to the fiber-indium interface, then
the crack propagates along the fiber-indium interfaces.
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3.3.3 Creep tests of PI fiber-indium composite

Creep tests of the PI fiber-indium composite have been conducted via a standard mechanical
testing machine (5548 Micro Tester, Instron) at 20 °C (0.68 Ty, of indium). The specimens
are cut from castings in a dumbbell shape with a rectangle cross section of 5x0.05 mm?” and
gauge length of 20 mm. Figure 3.27 shows the creep curves of both the composites and pure
indium samples at various stresses after eliminating the initial strain. The strain curve of the
indium tested under 0.2 MPa typically shows the three creep stages: primary, secondary
(steady state), and tertiary (necking to failure). However, due to the large scale of the axes in
Figure 3.27, the indium under 1 MPa and the composite under 2 MPa show almost straight
lines, indicating extreme low and high creep resistance, respectively. Regarding the
composite at 5 MPa, the curve shows no typical creep stages but rather an ascending strain
curve with terraces. The slope of the composite under 5 MPa shows a low creep rate of
1.54E-7, and the creep rupture time is orders of magnitude longer compared to pure indium.
Table 3.3 summarizes the averaged steady creep rate and creep rupture life of the tested
samples. Compared to indium samples, the composites exhibit a very low steady creep rate
and long creep rupture life.
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Figure 3.27: Creep stages of PI fiber-indium composite and pure indium at room temperature
and different stress levels.

The creep curve from the composite at 5 MPa is analyzed in combination with in-situ TEM
straining and SEM observation, as shown by Figure 3.28. Starting with a steep upward curve,
the initial part of the creep curve is relative to the elastic deformation of the composite, as
shown by Figure 3.28a. The creep strain increases slowly, resulting from the propagation of a
crack growing within the indium parts (Figure 3.28b). After the crack extends at the
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fiber-indium interface, the fibers start to break and the breakage of the fibers corresponds to the
sudden increase in strain, showing the steps in the curve. The processes shown in Figures
3.28a-c occur repeatedly resulting in numerous steps and terraces in the creep curve. The fibers,
which are in parallel with the stress axis, break first because they carry the loading stress
mainly. After breakage of these fibers, other fibers bear the stress and fracture in succession
according to the angle at which they intersect with the stress axis. Besides the microscale
cracks of indium, the planar slip of indium is also responsible for the ‘smooth’ increased strain,
as shown by Figures 3.28d and e. With more holding time, the indium part shows more slip
lines. As mentioned before, Figures 3.28d and e show that the slip lines are hindered by the
indium’s GB and the fiber-indium interfaces. Therefore, the restriction of indium slip
reinforces the composite’s strength and improves its creep resistance. With enough applied
stress and holding time, the composite approaches the creep fracture with broken fibers and
necking indium (Figure 3.28f).

Table 3.3: Steady creep rate and creep rupture life of PI fiber-indium composites and pure
indiums at various stresses.

Sample Steady creep rate  (s) Creep rupture life (min)
Indium, 0.2 MPa 4.65E-5 ~ 14000
Indium, 1 MPa 1.74E-3 ~18
Indium, 2 MPa 1.6E-2 =8
Composite, 1 MPa ~0 > 34000
Composite, 2 MPa ~0 > 34000
Composite, S MPa 1.54E-7 > 30000

Due to the low strength [68] and various slip systems [87], the creep threshold of pure
indium is quite low. With the introduction of the PI fibers, the creep threshold of the composite
is increased to become the fracture strength of the PI fiber. If the applied stress is low enough
not to induce breaking the fibers, creep does not seem to occur. This appears to be the situation
for the composite with an applied stress of 2 MPa in Figure 3.27. According to the results, the
fibers in the composites show a quite low UTS, The deterioration of the PI’s strength is due to
the negative effects of the Ag-coating chemical treatment [83]. If the chemical treatment can be
adjusted to limit the damage of the PI fiber, it is possible that the mechanical properties of the
composite could be improved even further.
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Figure 3.28: Creep curve of PI fiber-indium composite at 5 MPa in combination with in-situ
TEM images (a)-(e) under tension and SEM image showing creep fracture of the composite
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3.4 Summary and Discussion

With the composite design of fiber network and infiltrated metal, three types of novel TIMs
are prepared and characterized for their thermal performances and mechanical properties. The
novel polymer fiber metal matrix composite-based TIMs consist of 3D porous randomly
oriented continuous PI fibers and infiltrated metal/alloy. Solid bonding between the fiber and
metal matrix is achieved via the formation of a nanoscale Agln, IMC layer or direct contact.

The PI fiber-indium composite as die attachment material has good thermal performance on
chips for heat dissipation. The steady-state junction temperature and junction-to-case thermal
resistance of heat dissipation testing systems packaged with the PI fiber-indium composite
have been studied. The results show that the heat dissipation effect of the novel TIM is better
to that of current commercial ones.

The PI fiber-InSnBi composite of 70 pm will be suitable for use as it offers better shear
strength. If serious overflow of the alloys occurs during reflow, the shear strength will drop
dramatically. The good reliability of the PI fiber-InSnBi composite is also confirmed through
the heat-humidity aging measurements. Shear strength between the Sn surface and the PI
fiber-indium composite can reach 4 MPa and is better than the strength with an ENIG and Cu
coatings.

The PI fiber-indium composite exhibits the ultimate tensile strength five times greater than
that of pure indium. With rising temperatures, the tensile strength decreases while the
elongation at fracture increases. Tensile cracks propagate along the fiber-indium interfaces so
the arrangement of fibers changes the direction of crack growth. In addition, the UTS of the
composite is found to be inversely proportional to the logarithmic strain rate in a certain range.

38



In-situ TEM straining of the composite shows the tensile crack initiates from indium and
propagates to fiber-indium interface, and then continues to grow after the breakage of fiber.
Under tension, there is dislocation emission, proliferation and movement at the crack tip of the
composite. Aside from the dislocation-free zone, dislocation arrays slip to GB or fiber-indium
interfaces, and slip lines are also arrested by these obstacles. These obstacles affect the
deformation of indium and strengthen the composite by forming solid mutually reinforcing
structures in combination with indium matrix. The strengthening mechanism highlights the
compression at fiber-indium interfaces, which conduces high shear force at the interfaces and
thus improves the tensile strength of the composite. At a higher temperature, mutually
reinforcing structures cannot form due to the easy-slip of indium. At a low strain rate, the
composites have enough time to accommodate themselves to the mutually reinforcing
structures by slip and/or recrystallization. The tensile strength reaches its maximum when fiber
networks cannot endure the stress and the mutually reinforcing structures collapse.

A simple analytical model developed by Markaki and Clyne [92] is partially analogous to
our case. They report that the modulus of composite is related to the modulus ratio of matrix
and fiber. In this work, we have the added complexity that the modulus of indium could change
due to the planar slip or strain hardening of indium, and the modulus of fiber could also be
‘increased’ with the positive effect of the compression. To establish an analytical model for
further work in our case, first, the bonding strength at the indium/fiber interface should be
quantized under various compression conditions, then the fibre network architecture should be
extracted via X-ray tomography [93], and finally we should analyze the bonding strength
distribution in the whole composite using the finite element method (FEM).

The PI fiber-indium composite also exhibits higher creep resistance: a lower steady creep
rate and a longer creep rupture life comparing to pure indium. The steps in the composite’s
creep curve are due to the breakage of the PI fiber, and the creep threshold of the composite
corresponds to the fiber’s fracture strength. The fiber-indium interfaces can block the motion
of the indium slip, resulting in the enhanced creep properties of the composite. In combination
with earlier measured thermal properties, the observed effects on the mechanical properties
show a large potential for the composite to fulfill the thermomechnical requirements in thermal
management applications.
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Chapter 4

Thermally conductive fiber metal matrix
composite-based TIM

To further improve the thermal performance of the fiber network metal matrix
composite-based TIMs, it is of considerable interest to update the polymer fibers with highly
thermally conductive ones. This chapter presents another type of TIM consisting of thermally
conductive nanofibers and a metal matrix. BN nanofibers and carbon fibers have been
fabricated by electrospinning process and heat treatment. After surface metallization by
sputtering, the porous fiber film is infiltrated with liquid metal by squeeze casting. Thermal
conductivity tests of these new composites are introduced afterwards.

4.1 Boron nitride fiber-indium composite-based TIM

4.1.1 Composite fabrication

Hexagonal boron nitride (hBN) fiber is a promising alternative due to its high thermal
conductivity and excellent thermal and chemical stability [94, 95]. The h-BN lattice consists
of stacked layers with B-N atoms above one another with weak interlayer van der Waals bonds.
The atoms in the a-b planes are bonded to their three nearest neighbors of a different species
through strong covalent bonding of sp® hybridized orbital. BN fillers are the most
cost-effective material with high thermal conductivity and electrical insulating properties
among many current TIMs in use [23]. BN powders and BN nanotubes have been studied for
thermal management in the electronic industries [39, 96-100], however, BN fibers have
received very little attention as engineering materials.
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BN fibers have been prepared for the first time in 1966 by the spinning and nitriding of
melt-drawn boron oxide [101, 102]. Via the same technology, a series of melt-spinnable
polymer precursors, such as poly(borazinylamine) [103], poly(borazine) [104] and
Polyborazylene [105] are developed to produce BN fibers. However, the temperature and
atmosphere need careful controlling in the melting spinning process. Another disadvantage of
this process is that the diameter of the resultant BN fiber is very thick, ranging from 1 to 10
microns. Using the electrospinning setup, BN nanofibers have been prepared by Qiu’s group
[106, 107]. It is shown that electrospinning of the B,O; precursor solution, followed by heat
treatment in an NH3/N, atmosphere is an effective and facile method to process BN nanofibers
in volume production.

The boron oxide fiber network is fabricated by electrospinning B,Os (boric anhydride,
99.98%, Sigma-Aldrich)/PVB (polyvinyl butyral, Sigma-Aldrich) dissolved in methanol. The
nitriding process for the precursor is rapidly heating to 1000 °C in pure NH; for 2 h and then to
1500 °C in pure N, for 2 h. Afterwards, thin layers of titanium (120 nm) and gold (120 nm) are
deposited by sputtering on the fibrous network to enhance wetting with metal. The BN film is
infiltrated by liquid indium. The electrospun precursory fibers are displayed in Figure 4.1a.
The mean diameter of the fibers is approx. 800 nm (std. dev. 400 nm). After the nitriding and
annealing treatment, the integrity of fiber is retained (Figures 4.1b amd c). Figure 4.1d shows
the compact and uniform sputtering particles on the surfaces of fibers. The conversion from
boron oxide to boron nitride is confirmed by attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) and XRD. The FTIR spectra (Figure 4.2a) display the
results from the fibers before and after the heat treatment. All the peaks from functional groups
of boron oxide and PVB in the precursor fibers disappear, and hBN’s peaks appear [106, 107].
Figure 4.2b shows the XRD pattern of the resultant BN fiber film, where two peaks are
obviously observed. There is a broad peak around 25° corresponding the turbostratic structure
of the boron nitride and overlaying (002) peaks of hexagonal structure at 26.3° [108]. The other
relatively weak peak at 43° also demonstrated that the BN crystal is not completely hexagonal,
showing the hexagonal structure with 2D order but 3D disorder [101, 109-112].

= 500 nm

Figure 4.1: SEM images of precursory fibers (a), BN fibers (b, ¢) and sputtered BN fibers with
Ti/Au layers (d).
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Figure 4.2: FTIR analysis (a) and XRD pattern (b) of the resulting BN fibers.

Figure 4.3a depicts the surface view of the final BN fiber-indium composite. Clearly, the
indium alloy is infiltrated into the interspaces among the BN fibers. To investigate the inner
filling of the film, a solution of 10 ml HF, 10 ml H,0,, and 40 ml H,O is used to remove indium
from the surface of the film. Figure 4.3b revealed the ‘inside’ structure of the composite after
the etching. The Metal phase has almost filled the porous network showing good infiltration.

Figure 4.3: SEM images of BN fiber-indium composite-based TIM after infiltration (a) and the
‘inside’ structure after surface etching by diluting HF acid (b).

4.1.2 Characterization of thermal performance

The in-plane thermal conductivity of the BN fiber-indium composite has been obtained as
mentioned in section 3.2. The density of the BN fiber-indium composite is 4.0 g/cm® measured
using the drainage method. Considering the density of pure indium (7.3 g/cm®) and hexagonal
boron nitride (2.2 g/cm’), the composite consisted of 31.3% BN and 68.7% indium in weight.
By considering the weight ratio, the specific heat of the composite is calculated to be 420
J/(kg-°C). The thermal diffusivity of the TIM measured by the xenon flash instrument is 35

mm?®/s. The in-plane thermal conductivity of the BN-indium composite-based TIM is around
60 W/mK
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The through-plane thermal conductivity of the BN fiber-indium composite is calculated
using Lee’s methodology too [81]. Four BN fibers-indium composites with different
thicknesses are sandwiched between two copper plates (8x8 mm?, 1 mm in thickness) by
reflow (180 °C, 80 s) at 200 kPa pressure, respectively. As seen in Figure 4.4, there is a linear
correlation between bondline thickness (d) and total thermal resistance (Rrow). By
extrapolation, the interfacial contact resistance 2R ontact between Cu and TIM is found to be 0.4
K-mm?*/W, i.e. 0.2 K-mm?*/W per interface. The thermal conductivity of the BN fiber-indium
composite is found as the reciprocal slope of the line in Figure 4.4, giving a value of 20 W/mK
(1/0.0507). This is one third of the in-plane thermal conductivity because of the anisotropy of
hBN materials. The thermal conductivity of hBN in a parallel direction to the (002) plane is
one order of magnitude higher than that perpendicular to the base plane. The BN fibers are
parallel to the (002) plane, which is also the in-plane direction of the composite film.
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Figure 4.4: Total thermal resistance of BN fibers-indium composite sandwiched between two
copper plates at various bondline thicknesses.

4.2 Carbon fiber-SnAgCu composite-based TIM

4.2.1 Composite fabrication

Carbon based materials, such as carbon fibers (CFs), carbon nano-fibers (CNFs), carbon
nanotubes and graphene are attractive materials for thermal management applications due to
their outstanding thermal and mechanical properties [28, 41-44, 113]. Owing to the unique
polynuclear ring structure, mesophase pitch can self-organize to form highly organized
crystalline carbon structures at high temperature annealing. This makes mesophase pitch a
promising alternative to polyacrylonitrile (PAN) in the development of advanced carbon-based
engineering composite materials [114, 115]. Thermally conductive materials based on pitch
materials have been reported by several groups as an aligned graphitic foam [115], micro-sized
carbon fibers [116] and graphitic blocks [117]. The measured thermal conductivity of different
pitch based materials ranges from tens to hundreds W/mK. High thermal properties are
expected from the new composite made from carbon fiber and solder matrix.

Mesophase pitch is obtained from the Mitsubishi chemical company, Japan. The mesophase
pitch is an aromatic compound and has a softening point of 275 to 295 °C. A homogeneous
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pitch and PI mixture is prepared by dispersing pitch and polyimide powder in a DMAC solvent
and stirred for 24h at room temperature. For the electrospinning, a voltage of 18 kV is applied
to the cannula and the solution is fed at a rate of 2 ml/h. The samples obtained from the
electrospinning are pre-heated in an air atmosphere to 310 °C for 20 min at a 1 °C/min heating
rate. After of stabilization, the fiber mat is then carbonized under N, at 1000 °C for 2 h with a
heating rate of 1 °C/min using a quartz tube furnace. The carbon fiber film is infiltrated by the
pressure assisted liquid infiltration and the process mentioned before.

The resultant carbon fibers have diameters in the range of 1-2 micron with a uniform size
distribution (Figures 4.5a, b and c). However, the carbonization treatment caused the fiber
mats and individual fibers to shrink (Figure 4.5¢). TEM study of the carbon fibers indicates that
the fiber has a disordered arrangement due to the low carbonization temperature at 1000 °C.

Figure 4.5: SEM images of electrospun pitch-PI fiber (a), stabilized pitch-PI fiber (b), carbon
fiber obtained from carbonization at 1000 °C (c), and TEM image of the final carbon fiber.

4.2.2 Characterization of thermal performance

The in-plane thermal conductivity of the carbon fiber-SnAgCu composite is found to be 41
W/mK. The effective through-plane thermal conductivity for carbon fiber-SnAgCu composite
is found to be 20 W/mK over the range of 50 to 90°C at 65um thickness, and the results are
summarized in Figure 4.6. The total thermal interface resistance of the sandwich-structure as
shown in the Figure 4.6¢ is measured to be 2-7 Kmm?/W.

To assess the reliability of the carbon fiber-SnAgCu composite for joint performance,
thermal cycling of the test assemblies is carried out. The temperature is cycled between -40 to
115°C. Figure 4.6d shows that the thermal resistances remain largely unaffected after 1000
cycles, indicating that a reliable joint has been formed. The observable trend of an increases
in thermal resistance of a few percent is within the accuracy of the measurements.
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Figure 4.6: Effective through-plane thermal conductivity of carbon fiber-SnAgCu composite
between 50 to 90 °C (a), in-plane thermal conductivity of carbon fiber-SnAgCu composite (b),
total thermal interface resistance of carbon fiber-SnAgCu composite at various thicknesses
(c), relative change in thermal resistance of carbon fiber-SnAgCu composite after thermal
cycling up to 1000 cycles (d) and the schematic of carbon fiber-SnAgCu composite test
structure used in all the through-plane thermal conductivity measurements and thermal

cycling (e).

4.3 Summary and Discussion

BN fiber-indium composite-based TIMs have been fabricated and characterized. The
nano-fibrous BN structure is fabricated by electrospinning, heat treatment and Ti/Au coating,
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then subsequently being infiltrated with indium. The BN fiber network defines the geometry of
the composite and contributes to the heat dissipation in the in-plane direction. The indium
phase provides the binding and high thermal conductivity through the continuous metal path in
through-plane. Measurements by a xenon flash apparatus show the in-plane thermal
conductivity of the composite to be 60 W/mK and the through-plane thermal conductivity to be
20 W/mK, with a thermal contact resistance (Rcontact) Of 0.2 K-mm?*/W. However, the
presentation of turbostratic structure influences the thermal conduction because of the
disordered atom arrangement [96, 97, 118]. Therefore, it is promising to improve the thermal
performance of the BN fibers-indium composite-based TIMs by higher temperature annealing
to achieve completely hexagonal structure. The strength of the BN fibers could also increase
with the higher degree of crystallinity. Another optimization is to employ chemical surface
modification to replace the sputtering method to get better wetting with the metal matrix.

In addition, carbon fiber-SnAgCu composites with an anisotropic thermal conductivity of
41 W/mK and 20 W/mK in-plane and through-plane are developed. The carbon fiber is
obtained from mesophase pitch that is electrospun with PI and annealed at 1000 °C. The
carbon fiber films are highly flexible and easy to handle. Assembled as an interface material,
in a test structure, the carbon fiber-SnAgCu composite shows low total thermal interface
resistances in the range of 2-7 Kmm?®/W. Measurements after 1000 temperature cycles
indicate high reliability, as no increase in thermal interface resistance is detected.
Consequently, the developed carbon fiber based composite can be suitable for
implementation as a TIM for the thermal management of microelectronics.
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Chapter 5
Conclusions and outlook

This thesis emphasizes the characterization of metal based materials for interconnect and
thermal dissipation applications in electronics packaging. These materials are applied in
complicated integrations operating under electrical, thermal and mechanical loading
conditions. The nano-scale oxide of lead-free solder particles is analyzed in the first section of
the thesis. The consecutive section focuses on the studies of the thermal performance and
mechanical properties of novel fiber network metal matrix composite-based TIM.

The precise measurement of the nano-scale oxide layer on the surface of lead-free solder
particles is of importance to the quality of the solder joint and the reliability of the packaged
system. Using the FIB technology, TEM samples of micro-scale solder particles are prepared
without destroying the nano-scale oxide layer. According to the TEM results, an intersection
analysis of the AES profile is developed to measure the thickness of surface oxide of solder
powders. Using the intersection analysis, it is found that the surface oxide thickness is
proportional to the square root of the oxidation time. The FIB-TEM technique and AES
intersection analysis with nano-resolution are significant for the oxide control issues, e.g. the
Sn based solder in microelectronics packaging or the SnO, gas sensor. The intersection
analysis method is also recommendable for other oxide studies referring to AES depth
analysis.

The second concern of this thesis focuses on the urgent need for novel TIMs with improved
thermal performance and mechanical properties. In response to the critical needs in the current
thermal management of electronics packaging, we focus on the TIMs with a pragmatic design,
which are required to provide high thermal transfer efficiency, low weight, acceptable material
and fabrication costs, especially assembly compatibility with the soldering process. Five kinds
of fiber network and metal matrix composite-based TIMs have been developed. The novel
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fiber-metal matrix composite consists of 3D porous electrospun continuous polyimide fibers
and infiltrated solder matrix.

The polymer fiber metal matrix composite-based TIMs have been examined in thermal
conductivity tests. The infiltrated metal matrix is decisive for the composite’s thermal
dissipation ability. The introduction of the fiber network makes the composite thermally
anisotropic. The polymer fiber-metal matrix interface of the composite is crucial for the
thermal performance. It is found that the solid bonding between the fiber and indium or
SnAgCu is presented via the formation of a nanoscale Agln, IMC layer. With the formation
of the nano-scale IMC layer, the inner contact resistance of the composite is limited to a very
low level. Besides the conventional thermal testing, the polymer fiber-indium
composite-based TIMs are also studied for the heat dissipation effect by a chip-TIM-heat
spreader testing system with various packaging sizes: 5x5, 10x10, 20x20 and 30x30 mm®. The
steady-state junction temperature and thermal resistance of the polymer fiber-indium
composite are superior to those of current commercial thermal grease. The composite’s
deformation behaviors are also evaluated. The shear strengths of the TIM with different
pressures, mating surfaces and holding times in thermal-humidity conditions are detected. In
addition, the polymer fiber-indium composite exhibits the ultimate tensile strength five times
higher than that of pure indium, and the strength of the composite exceeds the summation of
strengths of its individual components. With rising temperature, the tensile strength decreases
while the elongation at fracture increases. Tensile cracks propagate along the fiber-indium
interfaces and the arrangement of fibers changes the direction of crack growth. The ultimate
tensile strength of the composite is found to be inversely proportional to the logarithmic
strain rate in a certain range. In-situ TEM straining of the composite shows the tensile crack
initiates from indium and propagates to the fiber-indium interface, and then continues to grow
after breakage of the fiber. The obstacle effects from GB and fiber-indium interfaces
strengthen the composite by forming solid mutually reinforcing structures. The strengthening
mechanism highlights the compression at the fiber-indium interfaces, and then the resultant
high bonding strength at the interfaces improves the resistance of relative motion of fiber and
indium. As a result of these effects, the tensile strength and creep resistance of the composite
have been improved.

The other developed TIMs are based on the BN fibers and carbon fibers. By
electrospinning, the nano-scale BN fibers could be fabricated in volume production and the
thickness of the BN fibers film could be easily controlled by spinning time. Measurements by
the xenon flash thermal analyzer exhibit 60 W/mK in-plane thermal conductivity and 20
W/mK through-plane thermal conductivity. Although showing better thermal performance to
current commercial TIMs, the new materials could be improved further via the heat treatment
at a higher temperature and optimized surface modification for BN fibers. Carbon
fiber-SnAgCu composite also exhibits high thermal conductivity in-plane and through-plane,
and good reliability. BN or carbon fiber needs heat treatment at high temperatures above
2000 °C to obtain graphite-like structure.

Besides the two thermally conductive materials tested, other materials like silicon carbide
(over 400 W/mK high-purity single crystals), aluminum nitride are interesting to fabricate in
the form of fibers according to our composite design. In additional, the fiber network could
be also updated with the commercial pitch-based, vapor-grown carbon fibers with higher
thermal conductivities (perhaps approaching 2000 W/mK), or diamond-coated carbon fibers.
Furthermore, polymer fiber or the fibers mentioned above could be mixed with high
thermally conductive reinforcements, for instance, the diamond, cubic boron nitride particle
or carbon nanotubes, fullerene, graphene flakes. In those applications, the reinforcement
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coatings to promote adhesion, controlled reinforcement-matrix reactions, and lower contact
thermal resistance are the key points to guarantee the thermal performance of the composite.
Advanced metal matrix composites are still far from wide using due to the limit of
thermo-physical property, manufacturing process, reflow technique and cost. Fundamental
research on the improvement of wettability, controlling of interfacial structure and thermal
conduction mechanism is of vital importance. Continued improvements should be focused on
packaging designs and processes, as well as specific stiffness (the ratio of stiffness and
density), outstanding fatigue resistance, excellent corrosion resistance and low CTEs (some
nearly zero or near to that of silicon).
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