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Abstract

Heat dissipation is a major challenge in high performance electronic devices.
Current thermal interface materials (TIMs) have either low conductivity, such as
conventional thermal greases, or high costs, such as solder materials. We address TIM
challenges by fabricating resin-free nanocomposite TIM paste that integrates silver
nanoparticles (AgNPs), Ag nanoflakes (AgNFs) and copper micro-particles (CuMPSs). The
nanocomposite TIMs optimize both the bulk and interfacial thermal performances; CuMPs
with a particle size of 1~10 um offer the assurance of high bulk thermal conductivity (k),
while AgNPs with a diameter of 3~8 nm and ~10 nm thick AgNFs provide the flexibility
and the bondage in interfacial engineering. TIM assemblies have been prepared upon
sintering at temperatures from 125 to 225 °C for 5~20 min. Morphological and
compositional analyses have shown percolated network structures connected with fused
AgNPs and AgNFs in TIMs and strong metallic bonds formed with CuMPs and the
substrates, resulting in good mechanical and thermal performance and excellent thermo-
mechanical reliability. Steady state heat flow and flash diffusivity measurements have
shown k of nanocomposite TIMs in the range of 15~140 W/mK, and the contact resistance
as low as 1.3x10°® m?K/W, comparable to high-end solder TIMs. Using analytical models,
the role of void volume fractions and interfacial resistance in the hybrid composites on
thermal conductivity has been assessed. Data shows the particularly contiguous network
structure favors the symmetric model. Shear and tensile tests have shown that both bond

strength and relative energy density of TIMs increase with higher sintering temperature
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and longer sintering time. The thermo-mechanical reliability of hybrid TIMs bonding solid
substrates with coefficients of thermal expansion (CTE) differences exceeding 15 ppm/°C
has been tested. The assemblies have gone through more than 10 cycles of thermal shocks
between -50 and 150 °C without failure. This study has shown the promises of the hybrid

TIMs for thermal, mechanical and thermo-mechanical applications in electronics

packaging.
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Chapter 1 Introduction

1.1 Current thermal interface materials (T1Ms)

According to Moore’s law [1, 2], the power densities in electronic devices have
successfully doubled every two years in the microelectronics field, which was highlighted
as early as 1965. Because of the nonuniform power distribution, the power density can
reach as high as 300+ W/cm? at some hot spots on die [3], the temperature of which can be
10~40 °C hotter than the other parts of the chip [4]. As the trend of high degree integration
and reduction in device dimensions continues, heat management has become more critical
and fundamental to make the high-performance devices operate within their specifications.
The TIMs has been widely used in the computing, LED lighting, photovoltaic and laser
markets, and the market of TIMs had reached $1.3 billion until 2015 according to the report
from IDTechEx Research [5]. TIMs with higher thermal performances are badly in need

on current industrial market.

In the practical cases, only 1 to 2 % of the apparent area is in actual physical contact
due to roughness of two joint solid surfaces, which is illustrated in figure 1-1 [6, 7]. This
means that more than 97 % of the joint surface consists of air, which is a very poor thermal
conductor (the k of air is 0.026 W/mK at room temperature) and works as a thermal barrier
by preventing most heat transfer across the interface. TIMs are introduced to fill the air gap

and increase the actual contact area between the central processor unit (CPU) and the heat
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sink, thus minimizing the thermal resistance [7]. As shown in figure 1-2 [8], TIMs can be
commonly used in the electronic packaging system, enabling effective heat removal from
the chip to ensure its performance and reliability. In the image, TIM1 is the TIM to bond a
chip with the heat spreader, and TIM2 is the TIM between the heat spreader and the heat
sink, which indicates the widely-studied polymer-based TIMs. In order to enable efficient
thermal conductance, it is necessary to use TIM1 with high k, which is why 100 % metal,

namely solder, is usually used [9].

Currently, there have been developed various types of TIMs for different
applications and demands of the markets, such as thermal greases, thermal pads, thermal
gels, thermal tapes, phase change materials (PCMs) [6, 10-14], etc. Thermal grease was
the first used as a TIM in spacecraft manufacture [15], which is typically a silicone or
hydrocarbon oil based matrix loaded with ceramic particles to enhance k [16, 17]. Greases
usually have high k, no curing requirement and not easy to delaminate, but because of their
flow property, the thickness is difficult to control and excess greases can contaminate the
other components. What’s more, the thermal grease will easily dry out over time if used at
higher temperatures because of the coefficient of thermal expansion mismatch between the
thermal grease and the chips, resulting in low stability and poor reliability with thermal
cycling. Chiu [18] reported that the thermal performance of a typical thermal grease can
degrade more than 50 % after 2000 cycles because of the grease pump-out. Thus, the maket

share of thermal greases has been experiencing decrease.

Thermal pads then began to merge, which are fabricated molding silicone with
conductive fillers, reinforced by including woven glasses, metal foils and polymer films.

Silicone provides high temperature stability while the reinforced materials provide cut-

2
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through resistance. The thermal pads are expected to hold the largest market share by 2025
[5], for they are cleaner, easier to use and more precise. However, the thermal pads are

sensitive to pressure and have lower k compared to thermal greases.

The thermal gels have a similar composition as thermal greases, silicone-based
formulations loaded with thermally conductive fillers and cross-linked to form a low-
modulus paste [12]. They are an ideal choice to fill variable gaps between multiple
components and a common heat dissipating surface. The soft cross-linking binders with
low modulus provide conformability at the interface at low pressure due to large tolerance.
Compared to thermal greases, thermal gels don’t have migration problem, but have lower

k and need a curing process. Delamination is also a concern as to the long-term use.

Thermal tapes are acrylic or silicone based pressure sensitive adhesives loaded with
conductive filler particles. They can bond a heat dissipating component to the heat sink
without any additional pressure. The acrylic-based tapes are designed for metal or ceramic
components, while silicone-based tapes used for plastic materials. This kind of thermal
tapes require a certain degree of surface flatness. What’s more, the thermal tapes have

limited thermal performance and can loosen over time.

Phase change materials (PCMs) are a mixture of a base materials and suspended
particles of high k, such as low-melting-temperature alloys (LMTAS), shape memory alloys,
exfoliated clay and fusible/ non-fusible fillers, which are used in TIMs for generating very
large latent heat during liquid-solid phase transaction at a certain temperature [19]. The
base material, such as paraffin, polymers, or their mixture, is solid at low temperatures, but
behaves much like grease after getting the “phase-change” temperature. PCMs have no

migration problem due to higher viscosity, and easier to handle comparing to greases, but

3
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still have limited k, and require pressure to maintain thermal performance. Stern’s work
[20] experimentally showed that the grease has superior thermal performance comparing

to the PCMs at the bond line thickness of 50~100 pm.

The TIMs referred to above are all traditional polymeric TIMs, and account for
more than 85 % of the current market share. Among them, the thermal greases normally
have relatively better thermal performance. Arctic Silver thermal grease with suspended
silver conductive fillers is the best with the k of 7.5 W/mK and thermal interface contact
resistance (Rint) of 0.018 Kcm?/W under a pressure of 12 psi. The next highest performing
thermal grease is ShinEtsu G751, providing the k of 4.5 W/mK, and the Rin of 0.101
Kcm?/W. The highest performance PCM is Thermax HF-60110-BT having the k of 20
W/mK, and the Rint of 0.0045 Kecm?/W under 3~100 psi. However, the Thermax TIM
significantly degraded and easily failed in the thermal cycling tests [7]. The highest
performance PCMs reported are Power Strate 60 (AG) and 51 (AF), and they have been
measured with similar thermal properties with the k of 3 W/mK, and the Rin of 0.142

Kcm?/W under 10 psi pressure.

The cost of these commercial TIMs varies from the most expensive to the least:
Arctic Silver > Thermax TIM > ShinEtsu G751, Power Strate 60 (AG) and 51 (AF) [21].
The thermal grease ShinEtsu G751 has better performance while with lower cost relatively,
and it has been used in this study as the instrument TIMs during the steady state thermal

measurement.

In addition to the traditional polymer-based TIMs, there are also a wide range of
metallic solder TIMs developed. Lead (Pb)-free solders have been studied as a high-end

TIM to replace the traditional Sn-Pb solders with a low melting point, good material

4
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property and low cost, but toxic [22-24]. Recently, Indium Corporation has developed
several types of solders, such as pure indium (In), In/Pb solder, Sn-Ag-Cu (SAC) Pb-free
solder, Au/Sn solder, etc. The k of In-based intermetallic solders can be up to 86 W/mK
[25], and that of Zn-Sn alloys exceeds 100 W/mK [26, 27]. However, lots of concerns
regarding such solder TIMs lead to a fact that they have limited use for first level power-
die-attach where there are no other viable substitutes [9]. In addition to conducting
electricity, solder joints provide good mechanical support for electronic devices. The solder
TIMs can handle stress well, wet both metallic and non-metallic surfaces, and are good to
use between the chips and heat sink with mismatched coefficient of thermal expansion
(CTE). The mechanical properties of solder alloys are critically important in producing
reliable products. However, the high compliance of In can lead to structural collapse
following the attachment of a heat sink [28, 29], or large-volume expansion [22, 26]. Many
attempts has been made to improve this situation by developing liquid phase sintering (LPS)
solder with addition of high melting phase (HMP), such as Sn, Cu, and Au, together with

the low melting phase (LMP) [30].

Besides the above concerns and high cost of solder TIMs, there are some other
challenges, e.g., wettability of materials [23], metal oxidization [7], stability during the
heat reflow and metallurgical reliability upon thermal cycling [28], for the intermetallic
formation and microstructure evolution brings either electromigration or creep [31-33],
resulting in degradation of solder strength [24, 29]. Voids formation during manufacturing
is another major concern for solder TIMs, resulting in local thermal conductance

deterioration and TIM failure [34, 35]. Voids may grow upon thermal cycling and thermal
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stressing, which further attenuates heat conduction and reduces the reliability of the

electronic packaging [36, 37].

New advanced TIMs with nanostructures have generated an increasing interest,
such as TIMs involving carbon fibers, carbon nanotubes [38-40] and graphene [41-44]. It
is reported that the theoretical k of individual multiwalled carbon nanotube (MWCNT) in
the axial direction can be as high as 3000 W/mK, and that of graphene can reach 5000
W/mK or higher depending on different thermal methods [42, 45]. However, the discrete
distribution nature of MWCNTS in TIMs results in much lower overall k to 15 W/mK or
lower [39], due to the uncontrollable distribution of the MWCNTSs or the boundary
resistance existence at the interface of the CNTs and a polymer matrix [46]. Although
massive research work has been done, it is believed that the nanocarbon-based TIMs are
still far away from real application, and the reliability and performance degradation of the
carbon-based TIMs still needs more study. The other nanostructured TIMs are those
involving metallic nanoparticles as fillers or nano-structuring a bulk ceramic or metal foam.
Studies have shown that doping micro-to-nano sized metallic or ceramic particles in the
second phase elements can improve mechanical reliability as well as refine the interfacial

microstructure of the solder alloys [23, 32, 33, 47, 48].

In summary, there are various challenges for next-generation TIMs [49, 50] that is
an important necessity in the industry because of the higher frequency operation and
increasing powder density of electrical devices. The ideal TIM would have the following
characteristics: high thermal conductivity, good mechanical properties, no leakage from
the interface, long-term stability, wide operating temperature range, non-toxic, low cost

and easy to apply/remove. However, there are tradeoffs among these factors in different
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situations. The materials’ development and the thermal measurement methods are the main
technical barriers existing [51]. Modification on the materials at micro-to-nano scale

appears to be the way to improve performances.

1.2 Key properties of TIMs

There are many factors governing the performance of a TIM, including the structure
of the joint surfaces, the applied pressure, the thickness of the TIM, and the properties of
the TIM itself. There are various properties of a TIM to be considered, such as the thermal
properties (k and thermal interface contact resistance R), mechanical properties (viscosity,
elastic modulus and conformability) and reliability (thermo-mechanical and performance

degradation) [6, 52, 53].

1.2.1 Mechanical properties

Although low thermal impedance is an important property of a TIM, the TIM also
needs to have good mechanical performance when coming to its assembling and
applications. A low modulus and a low viscosity helps the TIMs with better spreadability
and conformability, the ability to flow macroscopically, but also to fill microscopic valleys
(even those on the nanoscale) at the joint surfaces [52]. To enhance the filling of
microscopic valleys, a microscopically structured (preferably nanostructured) interface
material is desirable, such as the CNT thermal paste [42, 54]. These nanostructured
additives are used to improve not only the k but also the mechanical performance and the
reliability of the materials [46, 55]. A higher filler volume fraction helps increase the k; on

the other hand, it also increases the viscosity of the mixture, but makes it more difficult to
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disperse. As for the modulus of the TIMs, greater pressure is required for the TIM with a
higher modulus. However, the provided pressure is limited in practical microelectronic
applications. Therefore, there is a tradeoff on the filler percentage between the modulus

and the viscosity of the TIMs.

The mechanical properties can be used to classify materials and help determine the
range of usefulness of a material and expected service life. Typical mechanical properties

[56, 57] of a material are as follows.

. Strength: the ability to oppose deformation or breakdown upon external
force.

. Ductility: the ability to become deformed under tensile stress by pulling or
drawing before breaking.

. Brittleness: the ability to get fractured when subjected to an external force
or load, which is opposite of ductility of materials. Both ductility and brittleness are
temperature dependent.

. Creep: the tendency of materials to move slowly and deform permanently
under the influence of a long-time external stress loading, which is also temperature
dependent.

. Hardness: the ability to resist permanent shape change due to external force,
which reflects the plastic deformation properties of materials, including scratch hardness,
indentation hardness and rebound hardness.

. Resilience: the ability to absorb energy when deformed elastically by
applying a force and release energy when removing the force, which is determined by

stress-strain curves from zero to elastic limit.
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. Toughness: the ability to absorb energy and get plastically deformed
without fracturing, which is also determined by stress-strain characteristics. Materials with
good toughness should have good strength and ductility.

. Fatigue: the weakening and fracture of materials resulting from the repeated

loading.

These mechanical properties often change with different temperatures, rates of
loading, in addition to other conditions. For example, decreasing temperatures generally
lead to an increase in strength and brittleness of the materials, while ductility, creep and
toughness usually decrease. Singhal [58] observed that when loading successive stress
cycles on the TIM, the thermal contact conductance increased upon the first several cycles,

and later came to a steady value.

One thing should be noted is that there is often significant variability in the acquired
data when measuring mechanical properties. Identical tests for the samples with same
material often generate considerably different results. Therefore, it is necessary to carry
out multiple tests and report the average value or calculated statistical minimum value to
determine mechanical properties. A range of values are sometimes reported in order to

show variability.

1.2.2 Reliability properties

Reliability engineering is a popular concept used for decades in academics and
industry. It has been extensively used in the title or as keywords in the general public and
technical community, e.g., the web of science lists ten thousand technical articles with the
keyword of reliability, and over 12 million occurrences have been accumulated on Google

website from 1973 to 2006 [59]. Reliability indicates the probability of an item to perform
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a required function under given conditions over a specific period of time [60, 61].
Generally, electronic devices are typically designed to last for 7-10 years, whereas avionics
and telecommunication devices are expected to survive for decades [10]. The purpose of
reliability study of the material is to prevent or reduce the frequency of its failures, by

identifying and correcting the causes of failure.

Currently, well-established reliability engineering aims at studying the uncertainty
in the failure occurrences and consequences in quantitative approaches. Through launching
failure data collection and root cause analyses, the goals are to figure out why the systems
fail, how to develop reliable systems, how to measure and test reliability in design,
operation and management, and how to maintain reliable systems [62]. Reliability behavior
of materials is usually characterized by accelerated aging tests [53, 63-65], which is to
induce the failure at a much faster rate by providing harsher conditions, such as relatively
high or low temperature storages, severe and long-term temperature cycling, and humidity
storage. The accelerated tests can help to discover the failure mode of the system with
much less time, and at the same time to predict the normal field life, which is commonly

used in the laboratory.

Reliability is always one of the most important considerations in determining the
value of a TIM, and is required in maintaining its thermal resistance consistently over use
for an extended period of time. Low quality or inappropriate TIMs will degrade with time
causing the increasing of thermal resistance at the interface, as well as the temperature at
joints of the electronic device, leading to component failure [66]. There are 3 common
stress test categories for TIMs, the accelerated temperature and humidity stress test (THT

& HAST) [67-69], high temperature storage test (HTS) [70-72], and temperature cycling
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stress test (TC) [67, 73-75]. The thermo-gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) are also used during stability test of TIMs at the elevated
temperatures to investigate the weight loss and the possible transition characteristics of the
material. Visual observation, e.g., scanning acoustic microscopy (SAM) [76, 77] is used to
detect the structural changes of the TIM layer, such as voiding, cracking and delamination,

from which most TIM failures result.

To carry out the general reliability tests, samples are tested after a predetermined
time under elevated temperatures or humidity, or number of cycles, under stress and simple
before-and-after comparisons are made [78]. In some other cases, the samples are measured
intermittently in order to trace the rate of degradation with time or cycles [53, 70, 75]. In a
very few studies, the degradation trends are analyzed and corresponding statistical models
are created to represent the changing performance over time [79]. The representation and
modeling of the system and the quantification of the model in reliability engineering are
still challenging tasks due to the complexity of systems [62]. For example, Arrhenius-type
relationship was applied in the HTS testing, which is temperature activated degradation
[35]. Thermo-mechanical stresses are the most commonly reliability characterizations
upon temperature cycling [68, 80-82], especially when the components within the TIMs or
the devices, which have different coefficients of thermal expansion (CTEs) and their stress
changes at varying operation temperatures. Delamination may be generated over time or
thermal cycling, affecting interface contact resistance and leading to overheating and

device failure.

The general degradation mechanisms of TIMs are mainly microstructural and

compositional changes (such as metal oxidation [83]), time-dependent deformation and
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damage accumulation (such as delamination [83, 84]), environmental attack (such as
hydrothermal effects [72]), the accelerating effects of elevated temperature [83, 85], or
synergistic effects among the above [86]. Generally, strength, stiffness, and thermal
properties as well as failure modes are affected by the mechanical and chemical
degradation of composites of TIMs. Stiffness, strength, and coefficient of thermal
expansion decrease with increasing microcrack density. Exposure to high temperatures can
cause chemical degradation of composite-matrix polymers [87]. Hydrothermal effects can
lead to significant residual stresses, TIM layer delamination, or blistering during rapid
heating, where the absorbed moisture can increase the residual stresses leading to matrix

cracking, and microcracking can accelerate moisture absorption and desorption [83].

1.2.3 Thermal properties

When purchasing a TIM, the commonly available property of the material provided
by the manufacturer is the k, which is the most direct way to evaluate TIMs. During
conduction of heat through a material, the heat rate is proportional to the heat flux, interface
area and the temperature gradient along the heat flow path. For a one-dimensional, steady

state heat flow, the heat rate can be expressed by Fourier’s equation [88].

Q=kA (1-1)

Where Q is the rate of heat flow (W), k is the thermal conductivity (W/mK), A is
the contact area (m?), AT is the temperature difference of the material, d is the distance of
heat flux (m). The thermal conductivity, k, is a natural property of a material which
demonstrates the material’s heat conduction ability. Another intrinsic thermal property of

materials is the thermal resistance, R, which can be presented in equation 1-2.
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_ A AT ]
R=Ag (1-2)

The relationship between thermal conductivity k and thermal resistance R is shown

in equation 1-3, which is mostly used for the homogeneous materials.
_d
k=— (1-3)

For non-homogeneous materials, the thermal resistance is not directly proportional
to the thickness, which is known since Kurti [89] first discovered a temperature jump at
the liquid helium and copper interface in 1936, and Kapitza [90] measured the thermal
resistance at the solid-liquid helium interface in 1941. Prasher [91] was the first to propose
the separation of the bulk resistance and the contact resistance, and gave the physical model
of TIM as shown in figure 1-3. The interface thermal resistance is actually consist of three

portions after adding TIMs at the two joints, which can be expressed as follows.

BLT
Rrim = Rpuik + Rer + Rz = pa— + Rc1 + R (1-4)

BLT
Rpuik = — (1-42)

ktim

In the above equations, Rc1 and Rc2 are two thermal contact resistances at the two
interfaces between the TIMs and the heat sink, and between TIMs and the heat spreader
(m2K/W), BLT is the bond line thickness (m), ktim is the thermal conductivity of the TIMs
(W/mK). To achieve highly efficient heat conduction, a TIM needs to have low BLT, high
k and low thermal contact resistances. The key thermal properties of TIMs are thermal
conductivity and contact resistance, which have been commonly used to evaluate the

thermal performance of TIMs.
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A low BLT is necessary to achieve a high thermal conduction, so it is often targeted
in commercial application. This is easier to realize for TIMs with low viscosity. For TIMs
with high viscosity, such as thermal pads, pressure is often applied to get low BLT.
However, a high BLT can provide better strain relief when there is an external clamping
stress. A high BLT can also improve the reliability upon thermal cycling [92], since the
high BLT can help to prevent the delamination generated by the coefficient of thermal
expansion (CTE) mismatch between the heat sink and heat spreader. Therefore, the BLT

is a tradeoff factor for the TIM application.

High bulk k is an intrinsic property of the TIMs, which depends on the material
design and manufacture. Even for the non-homogeneous TIMs, k just depends on the
composition of the materials, such as the type of materials, and the size and shape of the

particles.

Low contact resistance can be brought out when the TIM has good wettability in
relation to the surfaces of the heat sink and heat spreader, e.g., TIM with low viscosity has
better wetting ability. Except for the material itself, there are several extrinsic factors which
affect the contact resistance, such as surface flatness and roughness, surface micro-
hardness, loaded pressure etc. [58, 93], which can be seen from the following expression
of the solid-solid contact resistance R¢ between two surfaces assuming plastic deformation

of the asperities [94].

086 H
Re =5 (% (1-5)
o = (02 + 02)%° (1-5a)
m = (m? + m?)%° (1-5b)
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_ 2k;ky
h = 4k,

(1-5¢)

Where o is the root mean square roughness of the two surfaces, m is the root mean
square asperity slope, kn is the harmonic mean thermal conductivity of the two surface
materials, H is the micro-hardness of the softer material, P is the applied pressure. Stern
[20] studied the effects of the surface characteristics on the thermal contact resistance, and
Bharatham [95] studied the influence of applied pressure. Singhal [58] showed that the
thermal contact conductance decreased to only 7 % as the nominal surface roughness
increased from 1 um to 15 um at the same interface pressure. A coating premier used to
bond the TIMs with the surfaces of the heat sink and the heat spreader is a good method to

improve the roughness and asperity, further decrease the contact resistance, as well as

enhance the wettability and adhesion of the materials [92].

1.3 Thermal conductivity measurements

There are a number of techniques to measure thermal conductivity of TIMs, and
each of them has limited requirements for the materials. Generally, they can be divided
into two basic categories of techniques, steady state and transient (non-steady state) method
[96]. The steady state methods, such as the guarded heat flow method and the guarded
comparative longitudinal heat flow method, are based on one-dimensional Fourier’s
equation [88], in which a constant heat flow is applied on the both sides of the TIM sample
to establish thermal equilibrium, a temperature difference that does not change over time.
ASTM D5470 [92, 97] is the theoretical basis for most commonly used steady state method

to measure the k, and the k of the TIM can be calculated as below.
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k=22 (1-6)

Q=P — Qioss (1-7)

Where Q is the amount of heat flux through the sample, d is the thickness of the
sample, A is the surface area of heat flux through the sample, AT is the temperature
difference between the two surfaces of the sample, P is the applied heating power provided
by the heat source, Qioss is the heat loss due to radiation, conduction, and convection to the
environment. One of the major challenge of the steady state method is to determine the real
heat flux Q, and we usually use P instead of Q for calculation, during which we assume
that the heat loss less than 2 % of the total heat power P. In this case, some methods have
been done to minimize the heat loss, such as conducting the measurement under vacuum
to decrease the gas reduction loss, using radiation shields that either match the temperature
gradient of the sample or reflect the heat back on the sample [98] to reduce the radiation
heat loss. Thermocouples with small wire diameter (0.001 inch) and low thermal
conductance are used to reduce the convective heat loss [99]. What’s more, some TIMs are
used to avoid bare contact between the conduction rod and the measured TIM and reduce
the contact resistance, such as thermal grease, thermal pads and pressurized gases [100].

Much research work has been done to correct these assumptions and improve the
accuracy of the steady state method [101-103], achieving less than 5 % error on the
commercial k measurement testers [104]. The steady state method is also used to measure
the thermal contact resistance between the TIMs and the two substrates. Major
disadvantages of the steady state method are that the specimen should be relatively large
and have a better fit with the shape of the conduction rods, and the test requires a period of

time (several hours) to realize the temperature equilibrium.
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Transient methods, such as flash diffusivity method [105, 106] and 3w method
[107], have been developed to overcome the drawbacks associated with the steady state
method, e.g., the parasitic heat loss and long waiting time to establish the thermal
equilibrium. Flash diffusivity method [108-110] is the most popular transient tool to
measure the k of solids. It was first described by W. J. Parker [105] in 1960s for the ideal
case, during which the sample is isotropic and there is no heat loss. The advantage of this
method is that it can generate values very quickly and efficiently, since the actual
measurement can only take a few seconds. There are not so many requirements on the
specimen of its composition, size and thickness with a wide range of experimental
conditions, such as the temperature. What’s more, the data obtained has good accuracy
(reported uncertainty is 2~3 % for thermal diffusivity, and 5 % for k [111]) and
repeatability. Some disadvantages of the non-steady state method are that more
complicated mathematic analyses need to be involved in the transient techniques, and this
method ignores the thermal contact resistances at the interface of the sandwich sample.

Parker is the first to derive the mathematical expression for thermal diffusivity
calculation, beginning with the temperature distribution on the rear face of the specimen at

a certain time, which is given by Carslaw and Jaeger [112].

—n?m?

1 (L 2\ L
T(xt) = Efo T(x,0) dx + EZHZI exp( e at) % cos%f0 T(x,0) cos%dx (1-

8)
Where T is the temperature (K), x is the length (m), t is the time (s), L is the
specimen thickness (m), a is the thermal diffusivity (m?/s).
Assume the heat of the pulse is Q, and it is uniformly and fully absorbed by a small
depth g at the front surface x= 0, the initial conditions can be given as below.
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T(x,0) = ﬁ, foro<x<g (1-9)

T(x,0) =0,forg<x<L (1-10)
Where p is the density of the material (kg/m®), Cy, is the specific heat capacity (J/g
K). Taking the above initial conditions into the equation 1-8, the temperature distribution

becomes:

* . nTg
. Q nmx Sin—/— —n?m? )
T(x,t) = e [1+2 E COS—— —Tme exp( = oct)] (1-11)
n=1

Since g is very small, sin == ~ ==, the temperature at the rear face x= L is:

—n2m?

T(L,t) = & [1+2 Z; (—1)" exp (S5 at)] (1-12)

Two dimensionless parameters are introduced, V and o.

V(L t) = %:) (1-13)
1.[2
w=yat (1-14)

Where Tw is the maximum temperature at the rear face. Combing equation 1-12, 1-
13, 1-14, we get:
— ® —n? -
V=1+2} _ (-D"exp(-n’*w) (1-15)
In the above equation, when V= 0.5, o= 0.138, therefore we have:

a=138—%

L2
=0.1388— (1-16)

2ty t1/2
Here ty» is the time spent for the rear surface to reach half of the maximum
temperature. The above ideal model was deduced based on several assumptions [108], and

they are given below.
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(1) The specimen material is homogeneous and isotropic, and their thermo-physical
properties and density are uniform and will not change with temperature during the
measurement.

(2) The pulse is instant, or its duration is infinitesimally small in comparison to the
thermal response of the slab.

(3) The pulse is absorbed by the front surface uniformly, and by a very thin layer
compared to the thickness of the specimen.

(4) The heat flow is one dimensional.

(5) There is no heat loss from the surfaces of the specimen.

The precision of the method mostly depends on how the experimental conditions
meet the above assumptions. Upon evaluating the practical experiments, the Parker model
showed obvious inadequacy, for the above conditions are all hypotheses in order to
simplify the model and almost all of them are violated to some extent. Gradually, various
corrections were proposed to counter the violation of the boundary conditions. However,
each correction model can only focus on one or two factors based on the ideal model. Until
now, no one correction has been formulated to encompass all the factors. Therefore, a most
proper correction needs to be chosen under the certain experimental conditions. For
example, when thin samples of high k are under testing, the finite pulse width effect
becomes stronger [113-116], while the radiative heat loss is dominant at high temperature
for thin samples [117, 118].

Cowan [119] was the first to incorporate radiative heat loss from the specimen
surfaces into the mathematic mode, with the assumption that the pulse is much shorter than

the “half-max-time” t12. Under the observation of the steady decrease of the temperature
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after the peak temperature, he determined the ratio parameter between the temperature
change of ti» and a new temperature parameter. Clark and Taylor [117, 120, 121] also
studied the radiative heat loss factor with the same assumption as Cowan made, but by
different methods to get the ratio parameter. They focused on the temperature vs. time
plotting for the same sample before reaching the peak temperature at the rear surface.

Heckman [122, 123] was one to propose the correction model including the effect
of the pulse width for the condition that the pulse time was not much shorter than the “half-
max-time”. He determined a new temperature vs. time shape after analyzing a triangular
wave form, and adjusted the time parameters according to the finite pulse width, which
would affect the result of both Cowan and Clark and Taylor. Koski [124] improved
Heckman’s correction and included all the previous corrections by combining the laser
pulse width with the radiative heat loss corrections built by both Cowan and Clark and
Taylor.

A comparison of the measurement time and sample size of different k measurement
methods has been carried out [21], including the steady state thermal measurement and
flash diffusivity method described above. The absolute technique and comparative
technique, such as the steady state method, can measure large-size samples, but needs a
longer time for data acquisition, while the transient technique, including the flash
diffusivity method, is capable of measuring a thinner film sample in a much quicker way.
Generally, it is a challenging task to determine the k and interface contact resistance of a
TIM with less than 5 % error, and it is also not easy to decide which is the best thermal

measurement technique. However, there are some useful notes for references.
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(1) knowledge of the thermo-physical properties of the specimen to be measured,
including the sample size, geometry, and surface roughness.

(2) understanding of the fundamentals and procedures of the testing technique and
equipment, e.g., some techniques are limited to samples with specific sizes.

(3) clarifying of the potential error sources which might affect the final results, such
as the convection and radiation heat losses in steady state method, the uncertainties from

density and specific heat measurement introduced into the flash diffusivity method.

1.4 Theoretical effective thermal conductivity models

As discussed earlier, eliminating the air voids between the two joint surfaces is the
main pathway to improve the heat transfer, which is also the purpose for introducing TIMs.
However, the voids can be also generated within the TIM system, and affect the thermal,
mechanical and reliability performance of the TIMs [11, 125], for R. K. McGeary presented
that the voidage in a multi-particle system for closest packing is 0.14 [126]. The k
depending on the void volume fraction (or packing density) has been studied on many types
of TIMs [6, 127-131], and numerous prediction models have been developed based on this
relationship, such as Maxwell [132], Maxwell-Garnett [133], Rayleigh [134], Bruggeman
[135, 136], Lewis-Nielsen [137], percolation [138, 139] models etc.

For heterogeneous materials, their effective k is determined by the relative amount
of the components, where the “effective” is used to denote that the heterogeneous material

has a single k as assumed to be homogeneous on a macroscopic scale. Thus, we defined
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the volume fraction of the fillers and voidage [140], which are closely related to the packing

density.

. . volume of fillers within material
Volume fraction of fillers = , (1-17)
total volume of material

volume of void space within material

Voidage = (1-18)

total volume of material

total weight of material

Packing density = (1-19)

total volume of material

Fillers mean the metal particles with high k to enhance the thermal performance of
the TIMs, which are also called the “dispersed phase”, corresponding to the “continuous
phase” (matrix).

The Series and Parallel models are the two simplest k models. As their names
suggest, the Series model supposes that the heat goes through all the components of the
material in series, while the Parallel model assumes that the heat flows through the material
components in parallel, which is by analogy to the total resistance calculation in an
electrical circuit by Ohm’s law. Though they are simplest, they can provide the possible
theoretical bounds for the effective k value of a material if the k and volume fraction of the
components are given [141, 142]. Lichtenecker [143] proposed the geometric model as a
simple intermediate to the Series and Parallel models, as indicated.

Series model:
e (1-20)
Where k. is the total effective thermal conductivity of the composites, km is the
thermal conductivity of the matrix, ks is the thermal conductivity of the fillers, vt is the

volume fraction of the fillers.

Parallel model:
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ke = (1 —vpky, + veks (1-21)

Geometric model:

ko = kU0 kU (1-22)

Pioneering theoretical work on predicting effective k of heterogenic materials in
macroscale was inspired by Maxwell [132] and Rayleigh [134]. Maxwell was the first to
propose effective k analytical expressions for non-interacting homogeneous materials in
his book on electricity and magnetism in 1987. The Maxwell model described the situation
of dilute dispersion of spherical particles of ks embedded in an infinite matrix of km, and
the thermal interactions between particles were ignored. Many researchers extended
Maxwell’s model to other shapes of particles, such as ellipsoidal shapes by Fricke [144]
and Burger [145], cylinder, disk and other shapes by Hamilton and Crosser [146], Nielsen
[137, 147].

Maxwell model (for spherical fillers):

3vy _ (kf+2km)+2ve(ks—km)

om LT ("f“km)_v (eg+2km)—Vg(ke—Km)
kf—km f

(1-23)

Rayleigh [134] developed a model for system inclusions arranged periodically in a
simple cubic array embedded in a continuous matrix, in which thermal interactions between
the particles were taken into consideration. It gives better prediction for the materials with
higher filler volume fractions than Maxwell model.

Rayleigh model (for spherical fillers) [148]:

k 3v
=1+ ! - (1-24)
m kf+2kn’1 _ kf_kn’l 3
(kf—km) vf+1'569(4kf—3km)vf +

When ignoring all the higher order components in the above equation, it reduces to

the Maxwell model expression. Rayleigh also gave the analytical expression for the
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effective k of another type of composite: fibers embedded in a continuous matrix besides
the spherical particles.

Based on macroscopic Maxwell’s model, Maxwell Garnet (M-G) developed a
simple but successful homogenization theory in 1904 [133], which aimed to approximate
a homogeneous effective medium for a complex medium such as a colloidal solution. M-
G expression is given in equation (1-25).

E _ [ke(1+200)+ 2k |+ 2v¢[ke(1— )=k ]|
km  [Ke(1+20)+ 2Kk ] —0e[ke(1—00) —kp ]

(1-25)

20 2Rpkm

: b (1-25a)

=

Where, a is the Biot number, a non-dimensional parameter, ax is the effective
Kapitza radius [149, 150], Ry is the thermal boundary resistance, d is the diameter of the
filler particles. When the interface resistance is negligible, o = 0, the equation 1-25 will
reduce to original Maxwell model. If a = 1, the actual size of the particles equals to the
Kapitza radius, and the effective k of the fillers and that of the matrix is equivalent, which
means that the particles don’t help to reinforce the k. If a > 1, the actual particle size is
smaller than the Kapitza radius, and the thermal interface resistance becomes a dominant
factor on the k of the composite. If o < 1, the actual particle size is larger than the Kapitza
radius, the fillers can enhance the k.

Hasselman and Johnson [151] extended the classical work of Maxwell and
Rayleigh to calculate effective k of simple spherical particulate and cylindrical fiber
reinforced matrix composites. Benvensite’s [152] modification achieved the same result

based on a micromechanics method, as shown in equation 1-25. The modified model
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considered that the k depends not only on the volume fraction of the filler particles with a
given shape, but also on the particle size and the interfaces.

It was proved that the Maxwell and Rayleigh models only could be valid for the
effective k of materials with low vt (< 25 %), and trended to underestimate the effective k
of TIMs with higher concentration [153, 154]. As for the composite with higher filler
volume fraction, Bruggeman [135, 136, 153] developed two effective media theories to
predict the effective k in 1935, the symmetrical and the unsymmetrical effective medium
theory.

Bruggeman symmetric model (BSM)/ effective medium theory (EMT):

km—ke kf_ke —
km+2ke 2 ke+2ke

(1—vp) (1-26)

The BSM theory doesn’t make a distinction between the discontinuous fillers and
continuous matrix and assumes that the pores and the matrix exist in a symmetric mixture,
during which a composite material can be constructed by introducing infinitesimal changes
upon continuous filling toward an already existing system. The BSM thus leads to
differential equations, so it is also called differential effective medium theory (EMT),
which was later modified by Landauer [136, 155].

Using Bruggeman’s approach, Every and Tzou [149] refined the EMT, considered
Kapitza resistance, and obtained an asymmetric Bruggeman expression for effective k of
particulate composites by modifying Benveniste’s result [152].

Bruggeman asymmetric model (BAM):

Km _ ke—ke(1—a) —
(1 _ Uf)3 — (k_e)(1+20()/(1 o) 4 [ﬁfu_‘;)]y(l a) (1_27)

This Bruggeman models are popular, because they cover a wide spectrum of

materials, give a formula for multi-component systems in addition to the classical case of
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two components, and provide a more accurate result for composites with high volume
fractions of discontinuous spherical inclusions. The BAM brings a new understanding of
the influence of microstructure on the heat transport property.

If the TIMs can be divided into two types, “internal porosity” and “external
porosity”, the internal porosity materials are those which have bubbles suspended within a
continuous matrix, while external porosity materials are those in which void spaces exist
in the interstices of granular particulate materials [156]. Carson [142] proposed that the
effective k of internal porosity materials is bounded above by the Maxwell equation and
below by the EMT equation; while the effective k of external porosity materials is bounded
above by the EMT equation, and below by the Maxwell equation.

Apart from the classical models above, there are also many other numerical
methods to predict effective k in the case of a higher inclusion volume fraction, such as the
percolation models [138, 157-159], dynamic methods [160, 161], the finite element
methods (FEM), [162-166] etc. Though most of the mathematical analyses are good

examples, the classical models are still used more often because of their simplicity.

1.5 Chapter flow

In this study, a novel resin-free TIM paste has been developed by introducing silver
nanoparticles (AgNPs) and silve nanoflakes (AgNPs), exhibiting good thermal, mechanical
and thermo-mechanical performances [167]. Figure 1-4 shows the comparison result of the
thermal properties of this nanocomposite TIMs and various current TIMs, including the

popular polymeric TIMs, such as thermal greases, thermal pads, phase change materials
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(PCM), etc., and the high-performing solder TIM as discussed previously. The novel
hybrid TIMs have demonstrated the k as high as the solders and their contact resistance can

be lower than that of the best thermal greases.

In Chapter 2, the AgNPs two-phase synthesis is described and the morphology is
characterized with SEM and TEM. The AgNPs’ weight evolution upon heating is
investigated using TGA, while their size transformation during the sintering process is

studied using XRD and in-situ SAXS.

In Chapter 3, the preparation of TIM paste and sandwich TIM assemblies is
presented. SEM and EDX studies the morphology of the sintered nanocomposite TIMs
showing the continuous network bonded by fused Ag particles. The scanning acoustic
microscope (SAM) images the voids in the TIM assemblies insitu, and XRD explores the
possible phase transformation upon sintering.

In Chapter 4, different assembling conditions were compared according to the
ultimate shear strength and relative energy density of the TIM samples using the shear and
tensile tests, showing that the higher the sintering temperature and the longer the sintering
duration time, the stronger and tougher the TIM assemblies produced. The thermo-
mechanical performance study of hybrid TIM pastes focuses on the mismatched sample
with invar and copper foils as two substrates, with a linear CTES mismatch exceeding 15
ppm/°C.

In Chapter 5, the effective k of the nanocomposite TIMs is measured with steady
state and flash diffusivity methods, showing that the k of TIMs can be as high as 140
W/mK, and the contact resistance can be as low as 1.3*10°® m?K/W. The experimetal data
is compared with several theoretical models to predict effective k.
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In Chapter 6, conclusion and outlook is discussed, and necessary future work

related to the research is proposed.
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Contact pressure

Figure 1-1 Scheme of contact interfaces at the joint of two materials without TIMs use
(Note: Rine is the thermal contact resistance at the interface.). The micro and macro
roughness of the joint of two surfaces can be seen even under the loading pressure, and
most interface area is separated by air filled gaps.
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Lid (Heat

Air Cooled Spreader)

Heat Sink
TIM2**

15t Level Interconnect:
C4 Bumps*

Timi Substrate

2nd Level Interconnect

Chip Underfill PCB

*Flip Chip Solder bumps
C4 = Controlled Collapse Chip Connection
**TIM = Thermal Interface Material

Figure 1-2 Schematic illustration for single lidded flip chip packaging [8], where a heat
sink is attached to the lid of a heat spreader. In the commercial microelectronics packaging,
TIM1 is the TIM to bond a chip with the heat spreader, where the expensive high-end solder
is usually used. TIM2 is the TIM between the heat spreader and the heat sink, which is
what most researchers have been work on.
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Distance

Temperature

Figure 1-3 Schematic of the effective thermal resistance at the interfaces of the TIMs, Rtim
consists of the bulk resistance Ryuik, and two contact resistances at the interfaces Rc1 and
RcZ.
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Figure 1-4 Comparisons of the novel hybrid TIMs in this study with various current TIMs
on their thermal properties (k and R.) as discussed in chapter 1. The cheaper polymeric
TIMs have poorer thermal performances comparing with the expensive solders. High-
performing CNTs and graphene cannot be applied to the market yet. The thermal
conductivity of the hybrid TIMs in this study can compare to the high-end solder TIMs and
their contact resistance achieves as low as that of the best thermal greases.
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Chapter 2 AgNPs synthesis and sintering

2.1 Introduction

Metallic nanoparticles (NPs) are nano-sized clusters which consist of metal cores
and organic shells, which help NPs to disperse well in the solvent and maintain their
stability (prevent agglomeration) at room temperature [168-170]. Metal NPs have shown a
number of quantum-size effects, for example, exhibiting an enhancement of magnetic and
optical polarizability [171], Raman scattering [172, 173], reactivity of the surface atoms
[174], diffusion coefficient [175, 176], etc. They have been demonstrated to have
applications in many fields, such as catalysis [177], photonics [178], medicine [179], inkjet
printing in electronics packaging [180-189], and here in this study, a sintered system for
low cost [181, 185, 190-192]. Sintering indicates a process in which particles can weld
together at temperatures below their melting point. Metallic NPs could be potential
candidates for TIM. First, metals generally have a high k. Second, the melting points of
metallic nanoparticles are much lower than those of bulk materials. Third, strong metal-

metal bonding can be achieved by sintered metallic NPs.

There are many approaches to fabricate metal nanoparticles, and these can be
classified into breakdown (top-down) and buildup (bottom-up) methods [193-195].
Relatively, bottom-up procedures can be designed to generate NPs with more uniform size,

and more controllable shape and structures than top-down methods. When it comes to the
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metal NPs preparation, they can be divided into two other different main categories [196].
The first is the physical method, which is based on subdivision of bulk metals, such as
evaporation/condensation [197, 198]; the second is the chemical approach, which is based
on the reduction of metal ions or decomposition of precursors to form atoms.
Comparatively, the NPs of physical methods are usually those with larger size and wider
size distribution than that of chemical methods. These two classification modes mostly

overlap in the actual experiments.

Phase breakdown normally starts from bulk metals and an external powerful energy
source, such as milling, during which the metal particle size from the bulk material will
continuously reduce with the continuation of the process. Phase buildup can be either in g
gas phase or a liquid phase, like chemical vapor deposition [197, 198] and wet chemistry
method [199-205]. The wet chemistry method is the most widely used, because it is easier
to control the particle size, distribution and morphology, and its mechanism is explained
here [206, 207]. A metal compound precursor is first to dissolve in a solvent, and the
reduction process starts as soon as a reducing agent is added, continuously producing metal
atoms. However, the metal atoms are not in a stable phase and they will begin to aggregate,
growing into clusters and nuclei, which are typically from 8 A to 10 A. Once the nuclei are
formed, they will continue to grow into primary particles, which are a stable system. With
more particles remaining in the solution, primary particles will then grow into larger
crystalline particles by diffusion growth or into larger polycrystalline particles by rapid

coagulation.

For bulk metal materials, their melting temperature is very high, e.g., the melting

point of Ag is 960 °C, and heat of fusion (AHy¥) is 284.9 kJ/mol. However, when the particle
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size of metal is reduced to nanoscale, the sintering temperature can be significantly
decreased. C. P. Wong’s group [208] has investigated low-temperature sintering behavior
of AgNPs (~20 nm), and coalescence of AgNPs was observed starting at 150 °C. Annealing
of the AgNPs led to dramatical increase of both density and electrical conductivity of the
compact materials. During the sintering process, not only the particles size increases, but
also the crystal grains in Ag particles grow bigger, which have higher degree of periodicity
with a more ordered pattern and more stability, because of the second law of

thermodynamics.

The sintering of metal NPs can be performed by using oven or furnace thermal
heating [180, 209, 210], electrical field [211], microwave [183, 212], laser radiation [187,
195, 213], plasma [189] or triggered sintering by chemical agent at room temperature [214].
Upon heating, the first step is the removal of solvent and surfactant molecules surrounding
the nanoparticles, resulting in direct physical contact of the particles, followed by the neck
formation. The particles tend to diffuse to join adjacent particles, and continue to grow in
order to reduce the overall surface energy of the system. Isolated nanoparticles merge to
form a contiguous network of metallic bonding, the entire process of which is called

sintering [215].

Silver nanoparticles (AgNPs) especially have received a lot of attention, because of
their high electrical conductivity, high thermal conductivity, chemical inertness and
excellent thermal stability properties [181, 208, 216, 217], for the high surface energy of
AgNPs lowers their sintering temperature to around 150~200 °C and the high melting point

(960 °C) of sintered silver makes them possible for relatively high temperature packaging
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applications; In addition, the voids in the connectional silver layer after sintering

throughout a network help to reduce the elastic modulus, which improves their reliability.

In this study, AgNPs were synthesized by the two-phase method with the assistance
of alkane amine as the surfactant. The morphology of synthesized AgNPs were
characterized by scanning electron microscope (SEM) and transmission electron
microscopy (TEM), and the thermal properties were tested by thermal gravimetric analyzer
(TGA). Their sintering process were carried out at 120 °C and studied by X-ray diffraction

(XRD) and in-situ small angle X-ray scattering (SAXS).

2.2 Experiments

AgNPs were synthesized by the two-phase method [218], in which DI-water and
toluene were used as the two immiscible solvents. Silver acetate was used as metal source
and NaBHa4 was the reducing agent. The reduction process was confined to happen at the
water-oil (toluene) interface. Alkane amine was the stabilizing agent to support AgNPs
suspension, and the length of the alkane had a decisive influence on the size of the AgNPs.

The synthesis steps were: The 2 L reactor was filled with clean toluene, followed
by the addition of a certain amount of dodecylamine (or octylamine), stirring to make it
dissolve. Silver acetate was dissolved in toluene and appeared as a slurry. Transferred the
silver slurry into the reactor with continuously stirring. The temperature was raised to
enhance the mixing process, and then returned to reaction temperature when the solution

appeared clear and amber. NaBH4 was dissolved in DI-water, and added into the oil phase
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dropwise. The oil phase turned into dark brown after the first several drops. Continuous
stirring for 1 h to make the reduction reaction go to final completion.

After the reaction, the mixture was separated into two phases, the upper dark brown
oil phase and the lower clear water phase. The water phase was discarded by using a
separation funnel and the oil phase was collected. The oil phase was concentrated by rotary
evaporation to get a dark brown paste with high viscosity. A mixture of clear methanol/
acetone was poured into the brown paste, and rotated in the rotovap for 2 min to precipitate
AgNPs. The AgNPs were filtered through a fine-pore sized funnel, and washed by the
methanol/acetone mixture. The final products were dried under vacuum and stored in the
refrigerator for use.

The TGA test was carried out in a nitrogen atmosphere and the test mode was the
stepwise isothermal method. The specific conditions set for the measurement are given as
below.

(1) Abort next segment if %/min > 0.50;

(2) Ramp 20.00 °C/min to 600.00 °C;

(3) Abort next segment if %/min < 0.05;

(4) Isothermal for 1000.00 min;

(5) Repeat segment 1 until 600.00 °C.

This means the temperature ramp was set at 20 °C/min until the sample started to
lose weight at 0.5 %/min or faster. When this condition is reached, segment 2 of the
program was stopped and segment 3 was begun, holding isothermal status until the weight
loss rate of the sample slower than 0.05 %/min. At that point, the program would repeat

and start with segment 1 again until achieving the final temperature of 600 °C.
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Among various sintering techniques of NPs, the thermal sintering method has been
used due to its easy operation, low-cost setup and high efficiency. The sintering process of
AgNPs has been studied first using XRD. Neat AgNP films were cast from paste solution
on the kapton substrate, which is stable during the sintering temperature range while
considered relatively clean in the XRD spectrum. The temperature of the heating stage was
preset to 120 °C, and the AgNP films were quickly transferred to the stage and stayed for
105,30 s, 1 min, 2 min, 5 min, 10 min, and 30 min, respectively. The XRD spectrum was

collected for these samples after quenching to room temperature.

2.3 Results and discussions

Synthesized AgNPs are nano-scaled clusters consisting of metal cores and organic
shells, which help maintain the stability of the nanoparticles at room or relatively low
temperatures, and help AgNPs disperse uniformly in the solvent as well. SEM and TEM
characterizations of “as synthesized” AgNPs are shown in figure 2-1. SEM micrograph
shows that AgNPs are fairly uniform in size and can pack to form hexagonal orders locally.
Statistics on particle sizes from TEM micrograph show AgNPs have a size centered at
around 6 nm with a narrow distribution of £ 2 nm. AgNPs have reduced melting
temperature comparing to the bulk silver, and can be sintered at low temperatures.

The result from figure 2-1 is for the AgNPs synthesized with long alkane amine.
When using the shorter alkane amine, the AgNPs become bigger, e.g., SEM image for a
batch of AgNPs in figure 2-2. The particle size can be large to 200~300 nm, and with wider

size distribution.
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The weight loss of the AgNPs was monitored using TGA, as shown in figure 2-3.
Both the smaller size of AgNPs and the larger particles were characterized. The size
characterization of these two kinds of AgNPs is displayed in figure 2-1 and 2-2. There are
3 weight loss stages for both of the samples. Both samples have little weight loss lower
than 100 °C, which means there are seldom methanol and acetone left in the AgNPs.
According to table 2-1, the weight loss of the first stage can come from the solvent toluene
and water if there is any. For the second and the third stages, the weight loss may come
from some free surfactant. After that, there still exists continuous but small weight loss,
which may result from the bonded surfactant, more energy required to leave from the
system upon heating.

By comparing the two weight loss curves, it can be seen that there is a greater excess
of chemicals in smaller AgNPs (5 % weight loss for larger AgNPs and 15 % for smaller
AgNPs), including the solvent and the surfactant, alkane amine. This is reasonable, for the
smaller the particles have more surface area, and the more surfactant and more solvent will
be captured by the AgNPs.

Combining with the previous TGA analysis of AgNPs, their sintering process can
be illustrated in figure 2-4 [182, 219, 220]. Upon heating, solvent (toluene and a little
water) is the first to evaporate, and followed by the free surfactant molecules surrounding
the nanoparticles in accordance with an increasing boiling point, and then the bonded
surfactant leaves as the temperature raises, resulting in surface metal atoms diffusing to
join adjacent particles. As particles continue to grow in order to reduce the overall free
energy of the system, isolated nanoparticles merge to form a contiguous network of

metallic bonding. The connectivity via metallic bonding among fused AgNPs is the basis
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for the construction of the TIM paste in this study, which is consistent with what Mylsamy
[221] found that poor interfacial bonding of composites would lead to more energy
dissipation than good interfacial bonding.

The XRD spectra of “as synthesized” and sintered AgNPs specimen are shown in
figure 2-5. The peaks in XRD spectra are from crystalline silver, while the broad signals at
angles lower than 35° come from kapton substrate. The first XRD peak at 38.1° is Ag (111)
reflection and is used to analyze the size evolution of AgNPs in films with the Scherrer
equation, L= K J/f cos@ [222], where L is the mean size of the crystalline domains, K is
the shape factor (K = 0.89), A is the X-ray wavelength (1.54 A), 4 is the line width at half
of the maximum intensity, and @ is the Bragg angle. For the same Ag (111) peak in Figure
2-5, K, 4, and @ are all constants. As the peaks become sharper with increasing sintering
time, the size of Ag particles grow from 10 nm as synthesized to about 22 nm after 1 min
sintering and 65 nm after 5 min, according to the calculation using Scherrer equation. It is
consistent with the statement that AgNPs sinter to form larger particles in order to minimize
the overall free energy of the system by reducing surface areas.

Figure 2-6 shows the in-situ 1D SAXS signal of the Ag sintering process at 180 °C,
which was carried out on the beamline in the Brookhaven National Laboratory (BNL). In
this figure, the peak shifts to a lower Q value with longer sintering time, indicating that
AgNPs grow larger upon heating at this temperature, which is accordant to the previous

XRD result in figure 2-5.
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2.4 Conclusion

The AgNPs synthesized form the two-phase method are uniform in size, which is
demonstrated by SEM and TEM. Their size can be controlled by changing to different
alkane chains of the surfactant amine, and the study shows that the longer chain of the
amine surfactant, the smaller size of the AgNPs. The sintering process of AgNPs is verified
by the combination of TGA, XRD and in-situ SAXS. Upon heating, the solvent and free
surfactant trapped in the AgNPs is the first to evaporate, and followed by the bonded

surfactant. AgNPs fuse to larger particles in accordance with the law of thermodynamics.
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Table 2-1 The parameters for some possible chemicals in AgNPs

Possible chemical in AgNPs Boiling point (°C)
Silver acetate 220
Dodecylamine 247
Octylamine 175
Toluene 110
Water 100
Methanol 65
Acetone 56
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Figure 2-1 SEM image of AgNPs (a) shows that AgNPs have a uniform size, and TEM
characterizations (b) show AgNPs have a size around 6 nm with a narrow distribution of £
2 nm.
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Figure 2-2 SEM characterization of AgNPs synthesized using a different amine with
shorter alkane chains as surfactant, showing the size is less uniform ranging from tens to
hundreds of nanometers.
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Figure 2-3 TGA analysis of smaller and larger AgNPs, showing isothermal weight loss in
nitrogen upon heating. Both have three stages of weight loss, but the smaller AgNPs lose
much more weight than the bigger AgNPs, which is consistent with the fact that smaller
particles trap more surfactant and solvent.
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Figure 2-4 Schematic illustration of metal nanoparticle sintering upon heating. The
sequence of the chemicals leaving the system with increasing temperature is solvent, free
surfactant and bonded surfactant. After this, the nano-sized particles start to diffuse to form
bigger ones, corresponding to the law of thermodynamics.
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Figure 2-5 XRD spectra of neat and sintered AgNPs at 120 °C for different durations.
According to the calculation based on the Scherrer equation, the AgNPs grow to 22 nm
after 1 min heating, and to 65 nm after Smin from 10 nm as synthesized.
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Figure 2-6 1D in-situ SAXS images for neat AgNPs at 180 °C, showing that AgNPs grow
larger with longer heating times, for the peak shifts to a lower Q value, which is accordant
with the XRD result in figure 2-5.
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Chapter 3 Nanocomposite TIM assembly preparation and

characterizations

3.1 Introduction

Heat dissipation is a major challenge in high performance electronic devices, so the
market is badly in need of high-end TIMs with economic manufacture. Thermal interface
materials (TIMs) are used to fill the air gap at the interface between the heat sink and heat
spreader to create more effective heat conducting. Current TIMs have either low
conductivity, such as conventional thermal greases, or high costs, such as solder materials
and indium metals [7, 49]. In this paper, we address a new resin-free nanocomposite TIM
paste, taking the advantage of thermal paste and solder TIMs, and the details will be given
in the following paragraph. The hybrid TIM paste that consists of AgNPs, commercial Ag
nanoflakes (AgNFs) and commercial CuMPs offers a low cost and high performance
solution.

In our previous studies, TIMs consisting of silver micron flakes ranging from 1 to
10 um and AgNPs of 3~8 nm show k of 20~100 W/mK, higher than the best commercial
thermal grease in the market, and comparable with high-end solder TIMs. In our current
study, we use CuMPs instead of previous Ag micron flakes, and also introduce commercial

AgNFs in order to reduce the cost. The resin-free pastes are expected to have good thermal
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and mechanical performance, because both matrix and fillers are good thermal conductors,
and they can sinter together to form a strong metallic network.

The assembling temperature could be as low as 125 °C due to the small size of
AgNPs and AgNFs [192], and the assembling pressure of 7 MPa or lower. Upon heating,
the organics in the TIM paste evaporate and AgNPs and AgNFs fuse to form a metallic
network, resulting in good thermal and mechanical performance.

The sintered nanocomposite TIM was investigated using scanning electron
microscope (SEM), energy dispersive X-ray spectroscopy (EDX), scanning acoustic

microscope (SAM) and X-ray diffraction (XRD).

3.2 Experiments

AgNPs used for the TIM paste were synthesized in the lab, the characterization and
sintering process of which have been reported in last chapter. Commercial AgNFs were
purchased from Tokusen Kogyo Co. and used as received without further treatment. The
average lateral dimension of AgNFs is about 300 nm and their thickness is about 10 nm.
Commercial CuMPs with a diameter of 1~10 pm were obtained from Indium Corporation.
They were soaked in dilute HOAc water solution (~1M) to remove oxide layers on the
surface layer. After rinsing with DI water, CuMPs were dried in the vacuum oven and
stored in the refrigerator for use. In this study, two different average particle sizes of
CuMPs were used, 1~10 pum and 1~3 pm, respectively.

AgNPs, AgNFs and CuMPs with various mass ratio were mixed in an organic

solvent with the addition of small amount of polymeric binder to form a homogeneous
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paste. In a typical TIM composition, CuMPs account for more than 50 % by weight in the
solid TIMs paste, thus reducing the materials cost of the TIM. The TIM paste was coated
on both surfaces of two joining metal substrates. The assembled temperature ranged from
125 °C to 225 °C, the pressure was about 7 MPa or lower, while the duration time varied
from 5 min to 20 min. Upon hot compression, most organic solvent evaporated and a
sandwich of a resin-free TIM paste between was formed. The thickness of the TIM layer
is about 20 to 200 um.

The morphology of the sintered nanocomposite TIMs was investigated using
scanning electron microscope (SEM), and the composition of the sintered TIM paste was
explored by energy dispersive X-ray spectroscopy (SEM/EDX). The macrostructures of
TIMs were examined in situ using scanning acoustic microscope (SAM) and X-ray
imaging. The possible phase change of the metal alloy was measured using X-ray
diffraction (XRD).

SAM was used to in-situ image the structure of TIM assemblies. SAM is an
important non-destructive diagnosis technique for failure and reliability analyses of
electronic components, such as plastic encapsulated IC packages, printed circuit boards,
grid ball arrays, flip chip packages, bonded wafers [77, 223, 224], etc. The mechanism of
SAM is based on differences in the propagation and reflection of ultrasonic sound waves
through different media. In a typical test, the most contrast is obtained from the existence
of voids in a condensed medium, which makes SAM particularly suitable for probing the
uniformity and defects in TIM assemblies. The SAM can be used to detect defects, such as

delamination, voids, cracks, and inclusions of various materials, like ceramics, metals,
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glasses and plastics. Different imaging modes are possible in SAM investigation, and the
amplitude mode (Amp) was used in this study.

X-ray imaging is another non-destructive testing technique to examine the internal
structure and defects in a device, which has similar functions in the electronic industry,
carrying out failure and reliability tests and detecting defects [225-227]. The mechanism
relies on the intensity recording of the X-ray beam after it penetrates the tested sample.

This technique can also be used to image ceramics, metals, glasses and plastic components.

3.3 Results and discussions

SEM was first used to study the binary T1Ms containing AgNPs and CuMPs. Figure
3-1 shows the SEM images of TIMs consisting of AgNPs and CuMPs with a mass ratio of
3:7, sintered under 7 MPa compression pressure, at 125 °C (figure 3-1a), 150 °C (figure 3-
1b) and 175 °C (figure 3-1c) for 20 min and at 200 °C for 5 min (figure 3-1d), 10 min
(figure 3-1e) and 20 min (figure 3-1f). They all show metallic networks formed through
AgNPs sintering. It assumes that higher sintering temperature and longer sintering duration
times may help generate larger Ag particles and stronger bonding between AgNPs and
CuMPs or the substrates [228].

Close examination of the network morphology in TIMs through higher
magnification SEM micrographs is shown in figure 3-2. Sintered AgNPs can be seen at the
surfaces of and between bigger CuMPs, with a size range from tens to hundreds of

nanometers, consistent with the previous studies on AgNPs [33]. The continuous metallic
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network formed through fused AgNPs is responsible for good thermal, mechanical and
electrical performances.

Figure 3-3 shows the SEM images of TIMs consist of AgNPs, AgNFs and CuMPs
sintered under 7 MPa compression pressure and at 200 °C for 20 min. Figure 3-3a and b
are TIMs containing 1~3 um CuMPs and AgNFs with a mass ratio of 6:4, figure 3-3c and
d are mixtures of CuMPs, AgNFs and AgNPs with a mass ratio of 6:2:2, and with the
addition of 2 % poly(4-vinylpyridine) (P4VP) by mass as the binder. The micrographs in
the left column show metallic networks formed through sintering AgNPs and AgNFs, in
which the interconnected metallic contacts are responsible for good thermal, mechanical
and electrical performances of the hybrid TIMs. From the corresponding higher
magnification graphs in the right column of figure 3-3, sintered AgNPs can be seen on the
surfaces of and among bigger CuMPs. Figure 3-3b shows that AgNFs sinter to form thin
sheets of irregular shape and microns in horizontal size.

The sintering behaviors of hybrid composites of binary particles having only AgNP
or AgNF as the active component clearly show that the active nano-particulates tend to
aggregate and fuse, coating uniformly on CuMPs. The contacts among MPs appear to be
limited, and large voids remain. The situation is greatly improved when both AgNPs and
AgNFs are used and 2 % P4VP by mass is introduced. Figure 3-3c and d show that the void
fraction is much reduced comparing to the other two TIMs. Presumably the coexistence of
AgNPs and AgNFs disrupts the aggregation by each other, and the dispersed polymer
chains further homogenize the composite, resulting in high uniformity and low voids

hybrid TIM composites.
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EDX is used for composition analysis of the sintered TIMs. As shown in figure 3-
4, two points for elementary analysis are chosen, the upper point is for a big micron particle
and the lower one is for a cluster of nanoparticles among the big particles. Data analyses
show that copper is dominant at the large particle, as expected for the composition in
CuMPs. The lower point is dominantly silver as expected. The EDX analyses are consistent
with the understanding of the morphology as seen in figure 3-2 and 3-3 that CuMPs form
the backbone of the metallic network while sintered Ag particulates remain among CuMPs
forming necessary bondage within the network.

Figure 3-5 shows SAM and X-ray images of a TIM assembly containing 10 pum
CuMPs and AgNPs sintered at 200 °C for 20 min. As the substrates are the flat and uniform
copper foils, the defects should be from the TIM layer only. In the SAM image, we can see
the main body of the sample is relatively uniform, while defects and voids appear mostly
near two ends and at boundaries, which are due mostly to the manual coating processes. In
the X-ray image, only some voids can be seen in the TIM layer. In this case, SAM method
is chosen for the later mechanical reliability analyses.

Figure 3-6 shows XRD spectra for neat CuMPs and AgNPs, and their composite
TIM pastes with the Ag-Cu mass ratio of 3:7 sintered at 200 °C for 20 min. The TIM
spectrum composes of both Cu and Ag peaks in their neat form, and there is no appearance
of new peaks, implying no formation of other significant phases. An interaction is expected
between AgNPs and CuMPs at or near their corresponding particle boundaries. The
existence of Ag-Cu interphases, if they do exist upon sintering of AgNPs, is beyond the

XRD detection limit in this study.
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3.4 Conclusion

We have investigated a new nanocomposite TIM paste, which contains commercial
CuMPs with particle sizes of 1~10 um, commercial AgNFs of about 300 nm in lateral
dimension and 10 nm thick, and synthesized AgNPs of 6 + 2 nm. Under an assembling
temperature of 125~225 °C, and a pressure of ~7 MPa, a continuous network is formed
within the resin-free TIM between two substrates. SEM micrographs of TIMs with
different compositions reveal percolated network structures that are responsible for
extraordinary thermal performance. EDX characterization examines the distribution of the
metal particles within the TIM paste. SAM and X-ray images show the general picture of
the TIM layer structure, and voids can be observed better by SAM. XRD studies indicate
the possible phase change of the composite of TIMs, implying no other significant phase

formation.
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Figure 3-1 SEM images of hybrid TIM pastes of 10 um CuMPs and AgNPs with a mass
ratio of 7:3 sintered at 125 °C (a), 150 °C (b), 175 °C (c) for 20 min; and at 200 °C for 5
min (d), 10 min (e), and 20 min (f), showing the contiguous networks connected through
fused AgNPs.
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Figure 3-2 SEM images in higher magnification of hybrid TIM pastes of 10 um CuMPs
and AgNPs with a mass ratio of 7:3 sintered at 125 °C (a), 150 °C (b), 175 °C (c), and 200
°C (d) for 20 min, showing AgNPs grow larger and are distributed on the surfaces of and
in between CuMPs. The higher the sintering temperature with the same sintering duration
time, the more the large Ag particles grow.

57

www.manharaa.com




Figure 3-3 SEM images of hybrid TIM pastes sintered at 200 °C for 20 min of CuMPs and
AgNFs with a mass ratio of 6:4 (a) and (b), of CuMPs, AgNFs, and AgNPs with a mass
ratio of 6:2:2 + 2 % P4VP by weight (c) and (d). Fig. (b) and (d) are the magnified images
corresponding to (a) and (c), showing the contiguous networks connected through fused
AgNFs and AgNPs.
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Figure 3-4 SEM and EDX analysis of sintered TIMs consist of CuMPs, AgNFs and AgNPs
with a mass ratio of 6:2:2. The EDX data shows that copper is dominant at the large
particles, and silver is dominant at the interval of large particles, which helps confirm the

distribution of metal particles within paste.
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(b)

Figure 3-5 The SAM image (a) and the X-ray imaging (b) of the TIM layer in between two
copper foils as the substrates. The TIM paste contains 10 pm CuMPs and AgNPs and was
sintered at 200 °C for 20 min. Both images show the uniform and non-uniform parts of the
sintered TIM layer, and voids can be seen in the assembly.
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Figure 3-6 XRD patterns for a sintered TIM paste consisting of CuMPs and AgNPs with a
mass ratio of 7:3, and sintered at 200 °C for 20 min. The TIM spectrum is composed of
both neat Cu and Ag peaks, and there is no appearance of new peaks, implying no formation
of other significant phases.
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Chapter 4 Mechanical and thermo-mechanical properties of the hybrid

TIM assemblies

4.1 Introduction

It is important and necessary to study the mechanical properties of the TIMs as well
as the thermo-mechanical properties, which mean their changes under the short and long
term exposure in different environments, since the environment changes are the keys to
potential failure of the system. As for the mechanical properties of the TIMs, 5 fundamental
force loadings need to be mentioned here [57, 229]. They are tension, compression,
bending, shear and torsion, the schematic of which is shown in figure 4-1. Tension involves
the type of loading on either or both ends of a material plane to make it elongate or pull
apart. Compression is the opposite of tensile loading which involves pressing the material
together. Bending is applying a load to make a material curve, resulting in compressing the
material on one side and stretching it on the other side. Shear involves a load parallel to the
cross section to cause the material to want to slide across on the other side of the plane.

Torsion is the application of a force to bring about twisting of a material.

In this study, tensile and shear tests were used to characterize the mechanical
properties of the hybrid TIMs, obtaining the stress-strain curves, which help to evaluate
the ability of a material to withstand mechanical damage. In the obtained tensile and shear

stress-strain curves, the engineering stress and engineering strain are defined below [56]:
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oc=— (4-1)

g =0 (4-2)

P is the loading force, Ao is the initial cross-section area of the material (for tensile
test it is perpendicular to the force, but for shear test it is parallel to the force), I is the final
length of the measured material, lo is its initial length. The ultimate tensile stress is the

maximum stress level that the material can withstand before failure.

The tensile and shear tests were carried out on the sandwich hybrid TIM samples
prepared under hot compression with the bond tester, and their thermo-mechanical
properties were studied by comparing the tensile curves after different thermal cycles in
the shock chamber. Scanning acoustic microscope (SAM) was used to image the structure
of TIMs in situ without breaking the assembly in order to gain better insights in the
extraordinary thermo-mechanical performance of hybrid composite TIMs. SAM is a non-
destructive diagnostic technique that is based on differences in the propagation and
reflection of ultrasonic sound waves through different media [76, 230]. In a typical test,
most contrast is obtained from the existence of voids in a condensed medium, which makes
SAM particularly suitable for probing the uniformity and defects in TIM assemblies [231].
Different imaging modes are possible in SAM investigation. The most commonly used
amplitude mode (Amp) images to indicate the macrostructure changes in TIM assembly

upon thermal cycling are shown.
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4.2 Experiments

Both tensile and shear tests of the TIMs were carried out on the Dage series 4000
and 4000+ bond tester. As shown in figure 4-2, Dage 4000 is the most advanced bond tester
available. The multipurpose bond tester sets the industry standard in bond testing, offering
unsurpassed accuracy and repeatability of data. It can perform die shear tests up to 100kg,
ball shear tests up to a 5 kg cartridge, clod bump pull tests up to a 5 kg tweezer cartridge,
and push tests up to 50 kg. This system also includes a microscope, and the field of view
can be adjusted from wide to close up and is ideally suited for the testing on micro feature

applications [232].

Figure 4-3a shows the schematic model designed for the shear tests, which is the
sandwich assembly with a nanocomposite TIM layer in between. A small and thicker
square Cu foil was mounted on a larger Cu foil. The larger Cu foil is about 100 um thick,
while the smaller Cu foil piece is about 1 mm thick and with an area of about 3 mm by 3
mm. The setting for shear test is ball shear mode with a cartridge of 50 kg, the shear test
speed is 200 um/s, and the shear height is 10 um. The test type is the destructive test, which
means the loading force will increase until the sample fails or the maximum range is
reached during the test. Figure 4-3b shows an example of the shear stress-strain curve,
where the ultimate shear strength is the highest strength at which the sandwich TIM

assemblies fail.

Figure 4-4a illustrates a TIM assembly with two identical 100 um Cu foils as the
substrates, and the area of a TIM paste in between is about 3 mm by 10 mm. The setting

for tensile test is the wire pull mode with a cartridge of 5 kg, and the test speed is 200 um/s.
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The tensile test would stop until the sandwich sample was pulled apart or the tester reached
the highest loading force. A required typical tensile stress-strain curve of TIM layers is
shown in figure 4-4b in which the TIM sample was not broken when getting the highest
loading with the composition of AgNPs and 10 um CuMPs with a mass ratio of 3:7, and

sintered at 200 °C for 20 min.

Both the shear and tensile tests were carried out in air at room temperature. For a
TIM with determined composition, the comparison was made with different sintering
temperatures, such as 125 °C, 150 °C, 175 °C, 200 °C and 250 °C, and varying sintering
duration times, such as 2 min, 5 min, 10 min, 20 min and 30 min. All the TIM assemblies
were prepared by the hot compression process under a pressure of about 7 MPa. At least 3
samples were made under one given preparation condition and the mechanical tests were

applied.

The thermo-mechanical properties of the hybrid TIMs were tested by recording
their tensile stress-strain curves after different numbers of thermal cycles in the Espec TSE-
11-A thermal shock chamber. Figure 4-5 shows a typical profile of 50 thermal cycles
between -50 to 150 °C, and the duration of each cycle is 20 min. After each 10 min at -50
°C, the chamber would automatically shift to 150 °C and continue at this temperature for
another 10 min. After a certain number of thermal cycles, TIM assemblies were tested with
the same tensile test on the Dage machine. The change of the mechanical behavior with
increasing thermal cycles indicates the thermo-mechanical reliability of the TIMs. Besides
the samples with identical Cu foils as the two substrates, the sandwich samples with two
different substrates, one copper foil and one invar foil with much different coefficients of

thermal expansion, were also prepared for the thermo-mechanical properties study.
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4.3 Results and discussions

Figure 4-6 shows the result of ultimate shear strength from the shear tests for the
samples with various sintering conditions, at different temperatures (125 °C, 150 °C, 175
°C, 200 °C and 225 °C) for the same sintering time, and different sintering times (2 min, 5
min, 10 min, 20 min and 30 min) at the same temperature. There are two compositions of
the TIM, one is AgNPs and 3 um CuMPs, and the other is AgNPs and 10 pum CuMPs. Both
compositions have the same Ag and Cu mass ratio of 3:7. It can be observed that with the
same sintering time duration, the higher heating temperature, the greater ultimate strength
of the specimen. While at the same sintering temperature, the longer sintering duration, the
larger ultimate shear strength of the TIM samples. The ultimate strength of the TIM
sandwich samples ranges from 2 MPa to as high as 20 MPa. By comparing the two
compositions of the TIMs, there is not much difference between the yield strength of TIMs

with larger or smaller size of CUMPs.

For the tensile test, most of the sandwich samples were intact at the maximum load
of 5 kg, which are non-destructive tests. To assess the quality of the TIM assemblies, we
use the integral area under the entire stress-strain curve, i.e., the energy density of the TIM
assemblies, to indicate the sample characteristics and compare the effects of sintering
conditions and cyclic thermal shocks in a semi-quantitative method. However, the energy
density not only includes the energy density absorbing by the TIM layer, also involves that
of the two substrates, which are easily ductile thin Cu foils and will contribute to the total
integral energy density. In this case, it can be assumed that the mechanical behaviors of the
Cu foils are the same during the tensile test and their energy density change are also the

same, for all the TIM samples were made in the same size. Therefore, the total integral
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energy of the TIM assemblies can still represent the relative energy density of the TIM
layers. During the data analyses, we can compare the mechanical performance using the
changing trend of the relative energy density of the TIM assemblies, and the specific values

are meaningless.

Figure 4-7 shows the effects of sintering temperature and time on the relative energy
density of the TIM assemblies. There is only one composite used in the test, AgNPs and
10 um CuMPs with a mass ratio of 3:7. The assembling temperatures are 125 °C, 150 °C,
175 °C and 200 °C, and sintering times are 5 min, 10 min and 20 min. Data shows that the
total relative energy density increases with both incremental sintering temperatures and
times. The effect of temperature is more prominent in this study, while sintering time from
5 min to 20 min does not appear to alter the relative energy density result much. There is
not so much difference found on the relative energy density of TIMs with bigger and

smaller CuMPs, which is similar to the previous shear test results.

The thermo-mechanical performance of TIMs was investigated which is critical for
reliable TIM applications. Considering the constraints of process temperature and duration,
we chose the assemblies sintering condition at the temperature of 200 °C for 10 min. Figure
4-8 shows the comparisons of integral energy density from the related tensile stress-strain
curves upon the thermal cycling. Figure 4-8a is the result for the TIM containing AgNPs
and 10 pum with a mass ratio of 3:7, and 4-8b for the TIM with the same mass ratio
containing 3 um CuMPs. Both TIM assemblies were prepared with two same Cu foils as
the substrates, and survived 5 kg loading after 2000 thermal shock cycles between -50 to
150 °C. Similar mechanical and thermo-mechanical behaviors were observed for the TIM

with different sizes of CuMPs. The relative integral energy density of TIM assemblies
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value reduces with the ever-increasing number of thermal cycles which may demonstrate
the TIMs stiffening over the thermal cycling. Close analysis in figure 4-8a with the most
beginning result indicates the relative integral energy density decreases more quickly with

the first few thermal cycles.

SAM images in figure 4-9 show the inner morphology of a TIM assembly
containing 10 um CuMPs sintered at 200 °C for 20 min without breaking it, as prepared (a)
and after 50 thermal shock cycles (b). The main body of the sample is uniform, while
defects and voids appear mostly near the two ends and at boundaries, which are due mostly
to the manual coating processes. Just after 50 thermal cycles, big changes have generated
on structure of the TIM layer, which may correspond to the more rapid change of the
relative energy density at the first few cycles in the thermo-mechanical result. The surface
texture features of the TIM layer appear to be smoothened, large voids became smaller and
some small voids disappear, indicating that initial thermal cycling are beneficial for the

morphology and mechanical properties of the TIM paste.

As for the thermo-mechanical reliability of electronic devices, the differences in
coefficients of thermal expansion (CTEs) between bonding solids play a critical role [71].
Most of previous studies focus on TIMs bonding two identical Cu foils as substratesnwhich
have no CTE mismatch. To confirm the good thermo-mechanical performance of the
composite TIMs, the invar foil was used as the other substrate bonding the Cu foil. The
linear CTE of invar is 1.2 ppm/°C, which is similar to that of silicon, while the linear CTE
of the Cu foil is 17 ppm/°C. The schematics of a TIM assembly with mismatched substrates
is shown in figure 4-10a. Figure 4-10b shows the stress-strain curves from the elongation

test upon thermal cycling of the TIM with AgNPs and 10 um CuMPs, and figure 4-10c is
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the elongation result for the TIM with 3 um CuMPs. Both TIM assemblies were sintered

at 200 °C for 20 min in between the invar and Cu substrates.

A comparison of the stress-strain curves in figure 4-10b and c indicates the
stiffening of TIM assembly upon thermal cycles, which is similar to TIMs bonding two
identical Cu substrates. Both TIM assembles have gone through more than 10000 thermal
cycles without failure, and survived further pulling tests up to 5 kg of load without breaking.
Their relative integral energy density changing trend is also consistent with the previous
data in figure 4-8. We have demonstrated high thermo-mechanical reliability of the resin-
free hybrid nanocomposite TIMs even between the invar and Cu foils with much different

CTEs.

The fracture mechanism is further investigated on the sandwich TIM samples using
SEM to get micron-to-nano-view of the failure parts. Figure 4-11 shows the SEM images
of the internal structures of the nanocomposite TIM, where the TIM samples were
assembled still through hot compression process at 200 °C for 20 min, and separated by
strong external force. Figure 4-11a and b are for the TIM containing 3 um CuMPs, AgNFs
and AgNPs with a mass ratio of 6:2:2, while figure 4-11c and d for the same metal materials
and with the addition of 2 % polymer binder. In order to figure out where the failure was
taking place within the composite upon fracture, particulate fields were chosen for SEM.
Figure 4-11 a and c are for the areas with least TIMs after assemblies broken, and there are
still particles covering on the substrates and no bare surface is observed. Thus, it is assured
that the failure doesn’t happen on interfaces between the substrates and the TIMs, which is
totally the cohesive failure, not adhesive failure. In images b and d for the areas with most

TIMs, it can be seen that the failure exists mostly at the interfaces of Ag particles, and some
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also happens at the interfaces between CuMPs and Ag particles. Therefore, the possible

enhancement work lies on the bonding connection between the metal particles.

4.4 Conclusion

The study of various sintering conditions with both shear and tensile tests shows
higher sintering temperature and longer sintering time can make stronger and tougher TIM
assemblies. Further demonstration of the excellent thermo-mechanical performance of
hybrid TIM pastes is achieved in sandwich assemblies using two substrates, invar and
copper foils, with a linear CTEs mismatch exceeding 15 ppm/°C, which have gone through
more than 10000 cycles of thermal shocks between -50 and 150 °C without failure. SAM
images show the existence of voids in TIM assemblies and the evolution of void structures
during the thermal cycling, which may be partially responsible for stiffening of the TIM
assemblies. SEM on the fracturing structures shows that the TIM assemblies fail at the
interfaces of the metal particles, either among Ag particles themselves or between Ag

particles and CuMPs.
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Figure 4-1 Schematic of five typical loading categories on the materials: tension,
compression, bending, shear and torsion, which are classified by where the force loaded on
the materials and the directions of the force.
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Figure 4-2 Schematic of the Dage series 4000 and 4000+ bond tester, which can perform
shear, pull and push testing, covering all test applications. With the assistance of the
microscope, it is ideally suited for macro positioning.
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Figure 4-3 Schematic illustration of the TIM sample design for shear test (a) and an

example of the shear stress-strain result (b). In the sandwich sample for shear test, the larger

Cu foil is about 100 um thick, while the smaller Cu foil piece is about 1 mm thick and with
an area of about 3 mm x 3 mm. The TIM layer in between is about 50~100 pm thick.
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Figure 4-4 Schematic illustration of the TIM sample design for tensile test (a) and an
example of tensile stress-strain result from the wire pull mode (b). The TIM assembly for
tensile test is prepared with two identical 100 um Cu foils as the substrates, and the size of
the TIM paste is about 3 mm x 10 mm. The TIM layer between the two cooper foils is also
about 50~100 pum thick.
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Figure 4-5 Thermal profiles of 50 thermal cycles from -50 to 150 °C in the Espec TSE-11-
A thermal shock chamber. The duration of each cycle is set for 20 min with the sample 10
min at the cold compartment and then 10 min in the hot compartment.
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Figure 4-6 Ultimate strength comparisons of the TIM samples at different sintering
temperatures for 20 min (a), and of the TIM samples at 200 °C for different sintering times
(b). The two compositions are AgNPs with 3 or 10 pm CuMPs with a mass ratio of 3:7.
The higher the sintering temperature and the longer the sintering time, the higher the
strength needed to take the samples to failure.
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Figure 4-7 Comparison of the relative energy density of the TIM assemblies containing
AgNPs and 10 pum CuMPs with a mass ratio of 3:7, sintered at different temperatures for
20 min (a), and at 200 °C for different times (b). The higher sintering temperature and the
longer sintering time makes the TIM assemblies tougher.
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Figure 4-8 Comparison of the relative integral energy density of the TIM assemblies after
different numbers of thermal cycles of -50 and 150 °C. The TIM contains AgNPs and 10pm
CuMPs (a) 3 um CuMPs (b) with a mass ratio of 3:7, and both TIM samples were sintered
at 200 °C for 10 min. The relative integral energy density of the TIM sample decreases with
the thermal cycling, and decreases more quickly at the first few thermal cycles.
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Figure 4-9 SAM images for the TIM paste containing 10 um CuMPs sintered at 200 °C
for 20 min as prepared (a), and after 50 thermal cycles (b). After 50 thermal cycles, the
internal structure of the TIM layer becomes decreasingly uneven, and some small voids
disappear.
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Figure 4-10 Schematics of the mismatched TIM assembly using Cu foil and invar foil as
the two substrates (a), and the shear stress-strain curves for the thermo-mechanical
performance of the mismatched TIM pastes containing 10 pm CuMPs (b) and 3 pm CuMPs
(c). Both mismatched TIM pastes can survive 10000 thermal cycles between -50 and 150
°C without failure.
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Figure 4-11 SEM investigation on the broken TIM sample sintered at 200 °C for 20 min
containing 3 um CuMPs and AgNFs and AgNPs with a mass ratio of 6:2:2 (a) and (b),
containing the same metal materials and 2 % polymer binder (c) and (d). The TIM sandwich
samples were forced to separate with a strong external force. (a) and (c) are for the images
of the areas without TIMs seen by naked eyes, (b) and (d) are for the images for the areas
with most TIMs. The TIM assemblies fail either at the interfaces of Ag particles or between
CuMPs and Ag particles.
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Chapter 5 Thermal conductivity of the hybrid TIMs

5.1 Introduction

There have been developed various thermal conductivity (k) measurement
techniques and different methods have their specific advantages and disadvantages as well
as some particular requirements, such as the size and geometry of the specimen. Based on
the properties of our TIM paste, steady state thermal measurement (ASTM D-5470) and

flash diffusivity method (ASTM E1461) are chosen to determine the k of the materials.

The schematic of the measurement setup in figure 5-1 is an easy example to
measure the k of the TIMs [233]. The apparatus basically consists of two meter-blocks,
across which heat is transferred. The TIM is designed to be placed at the interface between
the two blocks. Electric power supplies heat from the top of the setup, and an oil bath at
the bottom is used as the cooling system to maintain the temperature gradient, thus
generating the heat flux Q. Six thermal couples are fixed at the two copper rods to detect
the temperatures at various locations. Through extrapolating from linear fit, Tt and Tg can
be conducted, with a difference in the temperature drop of the two surfaces of TIMs. The

k of the TIM can be calculated as below.

k=22 (5-1)

As the total resistance is directly recorded during the measurement, the k is actually

determined according to the following equation.
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BLT
Ry = p— + Re1 + R (5-2)

Rc1 and Rc2 are two thermal contact resistances at the two interfaces between the
TIMs and heat sink, TIMs and heat spreader (m?K/W), BLT is the bond line thickness (m),
ktim is the k of the TIMs (W/mK), as shown in figure 1-3.

Theoretically, the thickness versus thermal resistance linear fitting can be plotted
as figure 5-2, where the slope is the bulk resistance (the reciprocal of the slope is the bulk
k) and the intercept is the contact resistance [21, 234]. Here are some basic assumptions
for the linear fitting plot.

(1) Heat conduction in one dimension (along Z direction) and no heat loss existing;

(2) The bulk TIM is uniform and liner fit to the thickness;

(3) Contact resistance is a constant.

The work mechanism of the flash diffusivity method is shown in figure 5-3. After
the loading process, let the sample (a small, thin disc specimen) stable at a certain
temperature To at first. Then a pulse of a very short burst of energy (usually laser or other
discharge source) is applied to the front face of the sample, leading to a temperature
increase on the rear face, where a detector is used to record the temperature change as a
function of time.

Figure 5-4 [108, 235] shows the ideal situation of the temperature curve (curve A)
on the rear face where there is no heat loss, as well as the practical conditions (curves B
and C) where involve heat loss. Curve A has no temperature decrease after reaching the
maximum value at the rear face, while the temperature of curves B and C reduces gradually
by different levels due to the heat loss. The typical commercial flash method is usually

used to measure samples with a thickness of ~100 um and above depending on the thermal
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diffusivity of the sample. The thermal diffusivity is then determined from the specimen
thickness, L, and the time required for the rear face temperature rise to a certain percentage
of its maximum value.

For some transparent or translucent materials, the energy may pass through, during
which gold or platinum [110] with high reflectivity and low emissivity can be employed to
coat on the faces of the sample. However, a highly absorbant coating, such as graphite,
must be used on the specimen to help increase the absorption and penetration of the laser
beam to the sample. The two surfaces should be fully covered, but no thicker than 1 um to
avoid much contribution of the transmission time through the coating layer.

With reference to Chapter 1, Parker gave the calculation result of thermal diffusivity
at the ideal case, as shown in equation 5-3, assuming the sample is isotropic and adiabatic,

the flash pulse is instantaneous, and there is no heat loss during the measurement.

L2
a=0.1388— (5-3)

1/2

a is thermal diffusivity, L is the thickness of the sample, t12 is the time spent for the
rear surface to reach half of the maximum temperature. Then k can be calculated according
to the equation: k = a p C,, where p is density of the sample, which can be calculated from
the weight and volume measuring of the bulk sandwich TIM samples; C, is specific heat,
which can be determined by the DSC (differential scanning calorimetry) method. DSC is
a thermo-analytical technique in which the difference in the amount of heat required to
increase the temperature of a sample and reference is measured as a function of

temperature.
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5.2 Experiments

The steady state measurement equipment is shown in figure 5-5. The heat
conduction rod is copper, having very good thermal conductance. An electric power
provides heat source to the top of the copper block. The heat is conducted vertically
downward through the TIM to the lower copper block, and then removed by an oil-cooled
heat sink. The two copper rods are each 4-inch long, 1 inch by 1 inch square in cross
section. The surfaces are kept parallel and aligned by two perpendicular mica plates
attached to the sides of the copper rod. Four thermocouples are inserted into the certain
places of the copper rods and two for each rod. The temperature gradient, obtained from 4
thermocouples, is linearly extrapolated to get the temperature at the two surfaces of the
inserted TIM. An insulator box as guard heater is used to prevent the heat loss to the
surrounding air from the input heater, by matching the temperature of the two “Guard

heater reference thermocouples”.

The air cylinder applies desired force controlled by the computer program in
response to load cell signal with force upper limit of 200 Ib. The best commercial thermal
grease Shin-Etsu G751 is used as the instrument TIM measurements to fill the gap between
the specimen and the two copper columns, and it is squeezed to different thicknesses (x-
axis), depending on the squeezing force. The temperature range of this setup is 22 °C (room
temperature) to 70 °C, and the loading force is usually set for 100 N during the

measurement.

Figure 5-6 shows the cross sectional view of the measuring system with a sandwich
sample [236]. There are many possible thermal contact resistances generated by the

interfaces A-H. Since the interfaces A and H are far from the sample range, they are not
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included into the calculated thermal resistance. Resistances at interfaces B, C, E and F can
be offset from each other if a series of sample measurements are carried out using the same
measurement conditions. The resistances at the interfaces D and E are measurable and they
can be determined to be the thermal contact resistance between the substrates and the TIM

layer after the linear fitting.

All the samples were prepared as 1’ x 1’ squares with two copper bulks as the
substrates, and the total thickness of the sandwich samples was about 6.2 mm. The samples
were assembled under the same compression conditions, with sintering temperature of 200
°C and pressure of about 7 MPa. For each composite of TIMs, four sandwich samples were
chosen for the test with different TIM layer thicknesses ranging from 20 to 300 pm. One
copper bulk with the same thickness of about 6.2 mm was carried out with the thermal test
under the same conditions, which is treated as the blank contrast reference during the result
analyses. More than five measurements were carried out for each sample. Those data

acquisition and thermal resistance analysis was processed by Labview and Matlab.

The flash diffusivity setup in this study is the Flashline 2000 [237] from the Anter
Corporation, which is consisted of 3 main parts: the electronic enclosure comprised of the
electronic module and the high-speed xenon flash module, the computer fully configured
and housing all necessary software for the instrument, including a high-speed data
acquisition board, and the furnace assembly mounted on top of the electronic enclosure,
which is shown in figure 5-6. The furnace assembly consists of a resistance-heated block
which is the silver bottom part, the specimen holder located inside the furnace assembly,

and the liquid nitrogen cryogenic detector assembly which is the red top part.
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The specimen holder is a round shape with a diameter of 35 mm (v/2 inch) and the
thickness of 6 mm. The shape of specimen can be a round disk, a square or a rectangle
plate, but cannot be larger than the maximum size of the holder. If the size of the specimen
is smaller, adapter ring(s) are used to make it easy to insert into or remove from the holder,
and are placed inside the counter-bore of the holder. The furnace seal window assembly is
placed onto the furnace shell, and then the cryogenic detector assembly is rotated counter
clockwise on top of this seal window. The instant energy source is the high-speed xenon
pulse, generated from a high voltage (400~600 V) power supply. The measurement is
carried out in air and the operating temperatures range from room temperature to 330 °C.

The accuracy of the diffusivity measurement is 4 %, and the repeatability is 2 %.

In flash measurements, the substrates of the sandwich sample were still copper
bulks in 1’ x 1’ squares, which is the same with those in the steady state method, as well
under the same hot compression conditions. The difference is that the total thickness of the
sandwich assemblies is about 4 mm, which is required by the flash diffusivity equipment.
An attempt was made during the preparation of TIM assemblies is to keep all TIM layers
with the same thickness to make the packing density as the only variance in the
measurement. A graphite film was fully coated on the surfaces of the specimen to increase
the absorption and penetration of the laser beam [108]. During the flash measurement, the
voltage set for the flash pulse was 600 V, and 5 shots were set to collect data at room
temperature during each test. For each sample, at least two tests were carried out to
guarantee of the repeatability and accuracy of the collected data. Although it has been

shown that the TIM layer thermal resistance has nothing to do with which side faces the
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laser, all flash measurements are performed with the thinner copper side facing the laser

beam in order to avoid variation.

The heat capacity of TIMs needed to calculate k was measured using differential
scanning calorimetry (DSC, TA Instruments Q200) [238]. The alumina pan was used and
sapphire was the standard reference due to its stability. Modulated mode and conventional
MDSC test method was chosen for the measurement. The experiment was carried out in
nitrogen atmosphere and the temperature was set from 10 °C to 70 °C by the ramp rate of
5 °C/min to get the specific heat of the TIMs at room temperature. The heat flow is
continuously converted to heat capacity as shown in equation 5-4 and the reversing heat

capacity is measured in the same experiment as described in equation 5-5.

Heat flow (5_4)

P ™ Heating rate

. Amplitude of modulated heat flow
Reversing C, = x K 5-5
& Lp Amplitude of modulated heating rate Cp ( )

where Cp, is the specific heat capacity with the unit of J/g°C, the unit for the heat
flow is W/g, the heating rate is °C/min, and K and Kcp are the dimensionless calibration
constant. As MDSC separates the total heat flow into two parts, one part responding to heat
rate and the other responding to the absolute temperature. What’s more, it provides a check
of the heat capacity as measured in the faster DSC signal-run, so the reversing Cp is more
accurate and reproducible. Therefore, reversing C, is used as the specific heat capacity of

the measured TIMs during k calculation.

88

www.manaraa.com



5.3 Results and discussions

The thermal resistance results collected from the steady state measurement of two
kinds of TIMs are plotted in figure 5-8. For each kind of TIM, a series of samples were
prepared and at least 5 measurements were processed for each sample to get the error bar
in the plotting. Lines in the plot are least-square linear fitting yielding the bulk k from the
slop and the contact resistance from intersects with the vertical coordinate axis. The final
calculated results for the plotting in figure 5-8 from the steady state thermal measurement
are shown in table 5-1. The all-metal binary TIMs (3 um CuMPs: AgNFs = 6:4 by weight)
have larger bulk k for being free of low conductivity polymers, whereas the ternary TIMs
with polymer binders (3 um CuMPs: AgNFs: AgNPs= 6:2:2, with 2 % P4VP by weight)
have smaller interfacial contact resistance because of being more conformable to the
interfacial roughness.

The k of the binary TIMs is 46 + 6 W/mK, which remains the same after 100 cycles
of -50 and 150 °C. The k of the ternary TIMs is 15 £ 1 W/mK, while their contact resistance
reduces to 1.3x10°® m2K/W, which is much smaller than that of the binary composites,
3.6x10° m?K/W. Data implys that addition of polymeric binders can reduce the contact
resistance at the TIM/substrate interface [157]. Those thermal results change little after 100
thermal cycles between -50 and 150 °C. Both the k and contact resistance of the TIMs are
much better than the best commercial thermal grease [17] and are comparable with the
high-end solder TIMs [25, 27].

In the flash method, the 208 um thick TIM layer contains metal component CuMPs,

AgNFs and AgNPs of a mass ratio of 6:2:2 as well as 2 % polyvinylpyrrolidone (PVP) as
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binder, while the other 3 TIM samples have the same composition of CuMPs and AgNFs

at a mass ratio of 6:4 with addition of 2 % PVP by

weight. Table 5-2 lists the parameters and calculated results of the TIMs, including
packing density, volume fractions of fillers and voids, specific heat, average half time from
10 shots of at least 2 independent measurements. The k is calculated using k = a p Cp, where
a is thermal diffusivity calculated by the Flashline Analysis software; Cp is specific heat
capacity determined by the DSC; p is density calculated from the composition of the
ingredients in the TIM during the preparation. The small variation of the specific heat
capacity C, due to different packing densities has minimal effect, and a common Cp value
is used in the calculation of all samples with different packing densities. Some parameters
of pure copper and silver materials possibly usable for calculations and comparisons are
listed in table 5-3.

Table 5-2 shows that the increase of packing density of the TIMs is correlated with
the increase of the filler volume fraction or reduction of the void volume fraction. Figure
5-9 shows the mass density p of TIMs as a function of the volume fraction of solid particles
and the voids. The symbols are experimental data and lines through symbols are the best
linear fitting, showing p increases linearly with the particle volume fraction, while
inversely dependent on the void volume fraction. The higher the volume fraction of the
filler particles, the lower the volume of the voids account for, which is reasonable with the
physical truth.

However, the relationship of the k with the packing density is less trivial. Figure 5-

10 shows k as a function of the volume fraction of the voids. It has high conductivity of
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140 + 8 W/mK at about 10 % voids by volume then drops to 86 + 8 W/mK with 18 %
voids, 64 + 6 W/mK with 27 % voids, significantly to 44 + 4 W/mK as voids fraction
increases to more than 30 %. As shown in figure 5-10, the best fitting curve through the
data symbols follows the law of power with a law exponent of -1.5, indicating the inverse
correlation between thermal conductivity and the void volume fraction. The dependence of
the k on the void volume fraction of the TIM is more complicated than expected [36, 125,
239, 240].

The dependence of k on the void volume fraction has been studied on many types
of TIMs [6, 127, 128, 154], and numerous prediction models have been developed based
on this relationship. Based on the literature review in Chapter 1, three simple models, the
Maxwell Garnet (M-G) model (equation 5-6), the Bruggeman symmetric model (BSM,
equation 5-7) and the Bruggeman asymmetric model (BAM, equation 5-8), have been
chosen to plot with the matlab software, and compare to the experimental result from flash
diffusivity. The expression of these models are given here again as follows.

ke _ [kp(1+200+2Kkm|+2v ke (1-c) =Kim]

km  [Kp(1+200)+2kp]—0 [k (1—c)—kp] (5-6)
_ 2Rpkm }
== (5-6a)

km—ke kf_ke _ _

(1 —vp) kmt2ke S kprzke 0 (5-7)

— 0.3 = (kmya+2a)/-a) , (KeZk =D 13/1-a) i
(1-vy) (ke) *[km—kf(l—aﬂ (5-8)

where ke is the effective k of composites, km is the k of matrix, ks is the k of particle
filers and vf is the volume fraction of the filers. o is the Biot number, which is a

dimensionless parameter depending on the boundary interfacial thermal resistance between
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particles and the matrix, Ry. During the models’ plotting, vt is regarded as the independent
variable for ke, and we assume that km = 0.2 W/mK, ks = k (Ag) = 406 W/mK (a little higher
than k (Cu) = 385 W/mK), and o = 0, which means neglecting the interface resistance
between the matrix and the particles. Therefore, these 3 models are plotted in the semi-

logarithm scale in figure 5-11 together with the experimental result from table 5-2.

As shown in figure 5-11, 3 models almost give the same predicting value when vs
< 0.2, after which, whereas their differences become more prominent with increasing vs.
At the vf = 0.5, BSM predicts ke ~100 W/mK, about two orders of magnitude higher than
those of BAM and M-G models. Combining the above experimental data shown in the
figure, both M-G model and BAM models underestimate the effective k of the TIMs, even
though assuming Ry =0 (a0 = 0). As M-G model is typically applied to TIMs of v < 0.25, it
is reasonable that it predicts k far lower than the experimental data. BAM is widely used to
simulate the effective k of polymeric TIMs and takes the interface resistance into
consideration. However, it is not applicable to the situation in this study. BSM
overestimates the effective thermal conductivity of the nanocomposite TIMs due partially
to omitting the interface resistance Ry. It is consistent with the theory that that the effective
thermal conductivity of porous materials is bounded between the Maxwell and the BSM

equation [155].

Combining with the previous SEM images of the nanostructured networks in the
sintered TIM system, we can assume that two effective symmetric components exist. The
metallic network with higher thermal conductivity can be regarded as the fillers, while the
network of voids together with the polymer binders, if any, can be treated as the matrix. In

this case, BSM is used to predict the effective thermal conductivity of the nanocomposite
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TIMs. If taking the effects of interfacial resistance between metal particles as well as the
geometric effect into account toward an effective overall ks, the best fitting to the
experimental data, shown as the cyan shadow centered with the dotted red curve, yields an
effective ks= 100 to 220 W/mK. Further data analyses indicate that the effective kr increases
much faster than the filler volume fraction. This apparently stronger dependence of ks on
filler volume fraction implies the improvement of network structure quality in the denser
packed TIM system. The structure of the hybrid composites in this study is more complex
than that presented in the ideal two-phase model. Further investigations are needed to gain

a better understanding of the resin-free nanocomposite TIM system.

5.4 Conclusion

Both steady state thermal and flash diffusivity methods were carried out for the k
measurement of the nanocomposite TIM. The results show that the k of TIMs has been
improved to a range of 15~140 W/mK, and the interface contact resistance can be as low
as 1.3*10° m?K/W, which is better than the current best commercial grease and can be a
competitive product of the high-end solder TIMs. The comparison of several theoretical
models and the experimental data indicates that the unique nanostructure of TIM system
matches the symmetric model, and the apparently stronger dependence of ks on vs implies
the improvement of network structure quality in denser packing. The nanocomposite TIM

system in this study is more complex than the ideal two phases.
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Table 5-1 Thermal results from steady state measurement in figure 5-8

TIM composite k (W/mK) Contact resistance
(M?K/W)
60M 40F 46 + 6 3.6 +1.0%10°
59M 19.5F 19.5N 2P 15+1 1.3 +£0.2*10°

Notation for table 5-1 & 5-2: in order to simplify some expressions in the table, each
composite of TIMs can be abbreviated to one letter, such as M = CuMPs, F = AgNFs, N =
AgNPs, P = Polymer binder.
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Table 5-2 Parameters and & result from diffusivity method

59M 19.5F
Sample label 59M 39F 2P
19.5N 2P
Sample No. 1 2 3 4
Thickness (um) 208 150 156 146
Density (g/cm®) 5.70+0.28 6.13+0.31 6.85+0.34 7.19+0.36
Filler volume
58.8+3.5 63.1+3.8 70.5%£4.2 77.2+4.6
fraction (%)
Void volume
32.3+1.9 26.6+1.6 17.9+1.1 10.2+0.6
fraction (%)
Cp (J/g K) 0.432+0.004
Ave. t12 (S) 0.0285+0.0006 | 0.0238+0.0005 | 0.0233+0.0007 | 0.0217+0.0007
Diffusivity
0.177+0.012 0.240+0.016 0.289+0.021 0.452+0.025
(cm?/s)
k (W/mK) 44+4 64+6 86+8 140+8
Table 5-3 Parameters for thermal diffusivity calculation
Copper Silver
o (cm?/s) 1.11 1.65
Density (g/cm3) 8.96 10.49
Cp (J/g K) 0.385 0.223
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Heat source

Temperature
Heat sink

Figure 5-1 Schematic illustration for the steady state thermal measurement setup The TIM
is placed in a steady flow of heat established in a rod by a steady heat source and a steady
heat sink (cooling system). Six temperatures were measured along the rod, and the
temperature drop across the TIM can be estimated through fitting the 6 measured
temperatures. The temperature gradient in the rod and the known £ of the rod give the heat
flow in the rod. The ratio of AT to heat flux Q is the unit-area thermal contact resistance R”
of the TIM.
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J‘ Rcontact
>

BLT of TIM

Figure 5-2 Theoretical plot of effective thermal resistance vs. BLT, where the reciprocal
of the linear slope is the effective & of the TIM, and the y intercept is the interface thermal
contact resistance.
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Energy Pulse

Front face

Thickness L

Rear face ~

Final temperature = Initial temperature (T;) + AT (t)

Figure 5-3 Measuring principle of flash diffusivity method. An energy pulse is applied to
the front face of the planar-shaped sample with a thickness of L and an initial temperature
To. A detector measures the temperature rise at the rear face which is a function of time.
Thermal diffusivity of the sample is obtained by analyzing the dynamic response of the
rear face temperature rise.
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Figure 5-4 Temperature change curves under different conditions measured on the rear
side of the specimen. If there is no heat loss, the temperature on the rear face will rise to
maximum and keep that value indefinitely (Curve A). However, with the heat loss involved,

the temperature of the rear face decreases to varying extents after reaching a maximal value
(Curves B and C).
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Figure 5-5 Schematic of steady state method setup, where an electric power provides heat
from the top of the setup, and an oil bath at the bottom functions as the cooling system,
thus generating a steady temperature gradient. Four thermocouples are used to detect the
temperature located at certain places of the copper rods, and an insulator box is added to
reduce the heat loss during the measurements.
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Instrument TIM:
/' Shin-Etsu G751
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Two metal substrates +
one TIM layer
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®
Heat sink

Figure 5-6 1D sectional perspectives of steady state measurement with a sandwich TIM
where the possible resistances at the interfaces A and H will not be included into the
calculated thermal resistance. Resistances at interfaces B, C, E and F can be offset after a
series of sample measurements while the resistances at the interfaces D and E will be
measured as the interface contact resistance between the substrates and the TIM layer.
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Figure 5-7 The furnace assembly (a) of the flash diffusivity method and parts of it: the
liquid nitrogen cryogenic detector (b), the specimen holder (c) and the furnace seal window
(d). The specimen holder is located inside of the furnace and the seal window is placed
onto the holder, with the detector on top.
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Figure 5-8 The thermal resistance as a function of the thickness of the TIMs for 3 um
CuMPs: AgNFs = 6:4 by weight as prepared (the red triangle symbols), and of TIMs for 3
um CuMPs: AgNFs: AgNPs= 6:2:2, with 2 % P4VP by weight (the blue dot symbols). The
symbols are experimental data and both lines through the symbols are the best linear fitting.
After plotting, the intercept is the contact resistance value of the two interfaces with two
same substrates, while the reciprocal of the slope is the k. The result is summarized in table
5-1.
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Figure 5-9 The volume fraction of fillers and voids with the change of packing density of
TIMs. In the figure, both lines through the symbols are the best linear fitting. With the
increasing packing density of the TIMs, the filler volume fraction increases as the void
volume fraction decreases.
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Figure 5-10 The £ vs. void volume fraction of the TIMs. The lower the viodage, the higher
the k. The k& increases with increasing packing density. The line through the symbols is the
best fitting of power-law with the exponent of -1.5, indicating rather complicated
correlations between k and the void volume fraction.
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Figure 5-11 Comparison of three analytical models and experimental data, where the
symbols are experimental data from this study and curves are model predictions. Three
models have similar prediction for low volume filling, i.e., at vf < 0.2, above which their
differences become prominent. BSM overestimates the £ while both M-G model and BAM
models underestimate the effective k of the TIMs, even assuming o = 0 (Rp, = 0). The cyan
shadow centered at the dotted red curve is modified BSM calculation yielding an effective
overall bulk Ar~100-220 W/mK for the best match with the experimental data.
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Chapter 6 Conclusion and future work

6.1 Conclusion

There is a great demand for TIMs with high k, low thermal interface contact
resistance and low cost in the current electronic packaging market. In this dissertation, a
new resin-free nanocomposite TIM integrating silver nanoparticles (AgNPs), Ag
nanoflakes (AgNFs) and copper micro-particles (CuMPs) has been developed. The
nanocomposite TIMs optimize both the bulk and interfacial thermal performances; CuUMPs
with a particle size of 1~10 um provide the backbone of the metallic network upon sintering
and offer the assurance of high bulk thermal conductivity (k), while AgNPs with a diameter
of 3~8 nm and 10 nm thick AgNFs provide the flexibility and the bondage in interfacial
engineering. The TIM assemblies have been prepared through hot compression at
temperatures of 125~225 °C for 5~20 min under a pressure of ~7 MPa. Morphological and
compositional analyses have shown percolated network structures formed through strong
metallic bonds of fused AgNPs and AgNFs with CuMPs and the substrates in TIMs,
resulting in good mechanical and thermal performance and excellent thermo-mechanical
reliability.

Flash diffusivity and steady state thermal measurements have shown k of
nanocomposite TIMs in the range of 15~140 W/mK, and the contact resistance as low as

1.3x10°% m?K/W, comparable to high-end TIMs. Using analytical models, the role of void
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volume fractions and interfacial resistance in the hybrid composites on thermal
conductivity has been assessed. Data shows the network structure quality is greatly
improved with denser particle filling and the network structure of the novel nanocomposite
TIM system favors the symmetric model. Shear and tensile tests have shown that both bond
strength and relative energy density of TIMs increases with higher sintering temperature
and longer sintering duration time. The failure analyses show that the fracture mechanism
of the TIM assemblies is totally cohesive failure. The thermo-mechanical reliability of
hybrid TIMs bonding solid substrates with their CTE differences exceeding 15 ppm/°C has
been tested. The mismatched TIM assemblies have gone through more than 10* cycles of
thermal shocks between -50 and 150 °C without failure. This study has shown the promises
of the nanocomposite TIMs for broader applications of thermal, mechanical and

thermomechanical performance in electronics packaging.

6.2 Future work

Exciting opportunities and challenges coexist in taking the nanocomposite TIMs

developed in this study to become a commercially viable technology.

(1) The fundamental and in-depth understanding of thermal and mechanical
properties of hybrid TIMs remains to be gained. This study has shown the critical
importance of continuous network structure in high thermal and mechanical performances,
yet a detailed relationship with processing conditions and microstructures is still lacking.
Systematic fundamental studies can be carried out to fully understand the effect of the

topological structure of the continuous network on the thermal transport as well as
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mechanical deformation. Furthermore, the metallic network is not uniform in composition,
but rather joined together with multiple components with interfaces and interphases. Both
the topological structure and composition distribution are strongly dependent on the
starting ingredients and processing conditions. The comprehensive knowledge of the
materials, processing, structure, property and performance relationship will form the

foundation of utilizing full potential of novel hybrid nanocomposite TIMs.

(2) On the basis of fundamental understandings and theoretical predictions, much
work is needed to explore the practical routine of realizing technologically viable TIMs.
Broader ranges of materials selection with various elemental compositions and thermal,
mechanical and chemical natures will need to be investigated to address the applications
of various needs. In addition, the effect of the dimensionality of the starting materials in
continuous forms, i.e., from 0 to 2D (nanoparticles, nanowires and nanoflakes) with fractal
dimensions, and accordingly the size, size distribution, shape, shape dispersion and their
combinations, will need to be explored. Furthermore, the important role of surface
modification and the organic binder needs to be optimized to meet the processing
requirements. Various processing conditions compatible with the application requirements

will be studied.

(3) There exist many tradeoffs in the complex nanocomposite TIM systems, such
as between processibility and properties, performance and reliability, bulk and interfaces,
thermal and mechanical, etc. Parametric mapping and database building is demanded for

addressing specific technology needs.
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