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Preface

Microelectronics packaging was born out of necessity when the integrated circuit
(IC) was invented in 1947. Microelectronics packaging is interdisciplinary in nature
and involves physics, chemistry, materials science, mechanical engineering, electri-
cal engineering, and more. Microelectronics packaging refers to the enclosure of
electronic devices or ICs according to the requirements of each component to
achieve a reasonable layout, assembly, bonding, and connection. It is important
since it protects devices from moisture, heat, mechanical stresses, mechanical shock,
thermal shock, and chemical erosion/corrosion.

Nowadays the trends in electronics are toward a small footprint, light weight,
low cost, high performance, and high reliability. All of these trends have led to
highly integrated ICs and sophisticated packaging schemes. When the chip power
density increases, it is critically important to dissipate the extra heat efficiently. If
the heat is not managed properly, the chip’s working environment is worsened, lead-
ing to higher chip operating temperatures and unstable device performance. In
extreme cases, the chips burn out, resulting in fire and safety hazards. Statistically
speaking for semiconductors, for every 18 °C operating temperature increase, chip
reliability is reduced by two to three times. Therefore, it is very important to manage
the waste heat properly.

Different thermal management materials are used in microelectronics packaging.
They typically possess a high thermal conductivity (TC) and a low coefficient of
thermal expansion (CTE) and are used mainly to dissipate heat and to provide struc-
tural support. Traditionally they are also called heat sink materials.

There are many ways to manage waste heat, such as cryogenic coolers, active
chilled water pipes, and cooling fans. Most of these methods focus on external heat
management, i.e., on how to dissipate waste heat from the environment. There is
another fundamental challenge, which is how to dissipate the heat from the IC active
layer itself. This is typically done by conduction using heat sink materials.

Lately there has been a great deal of active research on thermal management
materials, especially on dielectrics, metals, and metal matrix composites. Results of
current research are typically dispersed in various technical journals and conference
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proceedings. Thermal management engineers have been hard pressed to find a com-
prehensive and practical book to cover both the fundamentals of thermal manage-
ment and selection guidelines, an issue this book hopes to address.

The main objective of this book is to introduce various thermal management
materials and their fabrication methods. Most of the materials covered are based on
our 10+ years of direct R&D and manufacturing experience. We hope to provide an
effective reference book for thermal management engineers and packaging
engineers.

The book is divided into ten chapters. Chapters 1, 2, and 3 cover the basics of
thermal management and traditional thermal management materials. Chapters 4, 5,
6, 7, and 8 cover copper- and aluminum-based thermal management materials.
Finally, Chaps. 9 and 10 discuss the application of these materials in laser diodes
and future development trends.

It is our goal to introduce the reader to thermal management basics, theory, and
application. At the same time, we strive to reference as many of the latest research
papers as possible so that readers can attain a comprehensive understanding of the
current status and future trends of the field. As stated previously, thermal manage-
ment materials are being actively studied worldwide. We cannot possibly cover all
the latest developments and welcome feedback from readers like you.

During the writing of this book, we received generous support from Prof.
Renzheng Tang, Prof. Zhifa Wang, and Dr. Yi Gu and from graduate students Hong
Wu, Dexin Chen, Jun Zhou, Qiwang Zhang, and Xing Yu from Central South
University. Without their support and guidance, this book could not have been writ-
ten. In addition, we would like to extend our appreciation to Ganesh Hariharan and
Michael Shaw from Torrey Hills Technologies, LLC, and Adam Ding from the
University of Southern California. They rendered valuable assistance in providing
materials for several chapters.

Changsha, Hunan, China Guosheng Jiang
Springfield, MO, USA Liyong “Alex” Diao
San Diego, CA, USA Ken Kuang
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Chapter 1
Introduction to Thermal Management
in Microelectronics Packaging

Abstract Heat generated by electronic devices and circuitry must be dissipated to
improve reliability and prevent premature failure. Thermal management goes hand in
hand with microelectronics packaging. In this chapter, we will present the motiva-
tions and the basic concepts of thermal management by heat sink materials, such as
heat flux, thermal resistance, and thermal circuits. Next we will introduce the levels
and classifications of packaging and the functions of microelectronics packaging.
Finally, we will introduce the development stages of thermal management materials.

1.1 Basics of Thermal Management in Microelectronics
Packaging

In extreme environments, temperatures can reach up to 1,000°C and higher. The
power density in some computer servers can reach up to 5 W/cm? The junction
temperature is the highest temperature of the semiconductor in an electronic device.
It is generally accepted that the maximum junction temperature is about 150°C for
silicon devices. It is desirable to keep it below 85°C. The maximum junction tem-
peratures allowed for SiC and GaN materials are approximately 750 and 350°C,
respectively. Statistically, the reliability of integrated circuit (IC) chips is reduced
by two to three times for every 18°C increase in chip temperature.

There are many ways to reduce the IC chip operating temperature, e.g., cryo-
genic coolers, active chilled water pipes, cooling fans, and heat sinks. The cooling
of optics and detectors to reduce signal noise is one of the important applications of
cryogenic cooling technologies both today and for the near future.

One of the most important functions of thermal management materials in micro-
electronic packaging is the efficient transfer of heat from the semiconductor junc-
tion to the ambient environment. This process can be separated into three phases:

* Heat transfer within the semiconductor component package;
* Heat transfer from the package to a heat dissipater;
* Heat transfer from the heat dissipater to the ambient environment.

G. Jiang et al., Advanced Thermal Management Materials, 1
DOI 10.1007/978-1-4614-1963-1_1, © Springer Science+Business Media New York 2013



2 1 Introduction to Thermal Management in Microelectronics Packaging
1.1.1 Heat Flux

Radiation, conduction, and convection are three ways to dissipate heat from a

device. The rate at which heat is conducted through a material is proportional to the

area normal to the heat flow and to the temperature gradient along the heat flow

path. For a 1D, steady-state heat flow the rate is expressed by Fourier’s equation:
Q AT

22
A d

where:

k=thermal conductivity, W/m-K,
Q=rate of heat flow, W,
A=contact area,

d=distance of heat flow,

AT =temperature difference.

1.1.2 Thermal Resistance

Thermal resistance is the measure of a substance’s ability to dissipate heat, or the
efficiency of heat transfer across the boundary between different media. A heat sink
with a large surface area and good air circulation (airflow) gives the best heat
dissipation:
R=a2L_4
0 k
For homogeneous materials, thermal resistance is directly proportional to thick-
ness. For nonhomogeneous materials, the resistance generally increases with thick-
ness, but the relationship may not be linear.
The thermal impedance, ®, of a material is defined as the sum of its thermal
resistance and any contact resistance between it and the contacting surfaces:

material + RL‘(mtuz't = Rmateriul + (Ta - Th )/ Q’

where T, and 7, are temperatures at the interfacing boundaries.

Surface flatness, surface roughness, clamping pressure, material thickness, and
compressive modulus have a significant effect on contact resistance. Because these
surface conditions can vary from application to application, the thermal impedance
of a material will also be application dependent.

®=R
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— T, s T,
Power (P) Power (P)
JC 9J(‘:
TC
Heat Te Heat N 8

Source Source cs

TS
BOca B5a

A Tk

Without Heat Sink With Heat Sink

Fig. 1.1 Thermal circuit models [1]

1.1.3 Thermal Management Examples with a Heat
Sink and Without a Heat Sink

To simplify the thermal transport concept, we use the thermal circuit model, which
is similar to the electric circuit model. The through circuit element is the power, and
the potential element is the temperature. The circuits shown in Fig. 1.1 represent
two cases (Table 1.1):

* Case I: the bare die is connected to the case and the case is exposed to the
environment;

e Case 2: the bare die is connected to the case, then to a heat sink, and the case is
exposed to the environment.

* Junction temperature without a heat sink:

T, =T, +0x8, =50+20x4.7=148°C

» Junction temperature with heat sink and its heat resistance equals 1.35°C/W and
has an interface material with a heat resistance of 0.13°C/W.

T,=T,+0%(0, +0. +0,, )=50+20(0.13+0.1+1.35)=81.6°C.

From the two simple cases we understand that a well-chosen heat sink material
could lower the junction temperature and significantly improve the reliability of the
device performance because the junction temperature is controlled under 85°C.

1.2 Heat Generation and the Purpose of Thermal
Management in Microelectronics Packaging

Since the inception of semiconductor devices in 1948, the miniaturization of elec-
tronic components, microminiaturization, and the integration of technology, espe-
cially the emergence of new chip materials (such as SiC and GaN) and their
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Table 1.1 Thermal circuit parameters [1]

Parameters Name Unit Description Example
0, ® from junction to °C/W  Specified in data sheet 4.7°C/W
ambient
0O, ® from junction to case ~ °C/W  Specified in data sheet
O ® from case to heat sink °C/W  Thermal interface material
thermal resistance
O, O from case to ambient ~ °C/W
o, ® from heat sink to °C/W  Specified by heat sink 0.13°C/W
ambient manufacturer
T, Junction temperature °C Junction temperature as specified
under recommended
operating conditions for
device
Tviax Maximum junction °C Maximum junction temperature 85°C
temperature as specified under
recommended operating
conditions for device
T, Ambient temperature °C Temperature of local ambient air
near component
i Maximum ambient °C Maximum temperature of local 50°C
temperature ambient air near component
T Heat sink temperature °C
T, Device case temperature  °C
0 Power \\4 Total power from operating 20 W

device; use estimated value
for selecting a heat sink

applications, have led to an increase in electronic equipment power density and
required greater heat dissipation in high-power FR, microwave, and millimeter-
wave devices and on-board and satellite electronic equipment. As the temperature
of semiconductor devices increases by 10°C, their reliability is reduced by 50 %. In
2000, the heat flux of large computer chips has exceeded 100 W/cm?. At present, it
reaches a level of 300 W/cm?. The main methods for cooling electronic equipment
include natural cooling, forced air/liquid cooling, cold plate, phase-change cooling,
heat pipes, and so on.

Electronic packaging refers to the enclosure of electronic devices or ICs according
to the requirements of each component to achieve a reasonable layout, assembly,
bonding, connecting, and operating environment. It also includes process isolation
and protection to prevent the buildup of moisture, dust, and harmful gases on elec-
tronic devices or ICs, to prevent external damage, and to stabilize component
parameters. Thermal management of electronic packaging concerns the temperature
control of heat-consumption electronic devices, unit systems, or whole systems by
reasonable cooling, heat-dissipation, and structural-design optimization to ensure
normal and reliable operations. Thermal management materials function as the sub-
strate, or base, of electronic components; they cool and support electronic components.
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In addition, such materials conduct heat generated by electronic components to the
exterior environment to control the temperature of chips so as to improve the chips’
life span and reliability. As a result, many thermal management materials are referred
to as heat sink materials or cooling materials in the literature. The key to improving
thermal cooling performance is the thermal properties of thermal management
materials. They play an important role in the cooling of electronic components.
Before the details of thermal management materials are discussed, we must intro-
duce basic concepts in electronic packaging technology.

1.3 Introduction to Electronic Packaging

Packages are commonly divided into four levels: zero-level, first-level, second-
level, and third-level packages. Zero-level packages include interconnecting and
encapsulation of IC chips. First-level packaging refers to packaging of a single-
chip module (SCM) into a multichip module (MCM) involving a wire interconnect,
tape interconnect, case materials, lid seal, and lead. Second-level packaging con-
sists of packaging of SCMs, MCMs, and connectors into printed circuit boards
(PCBs) involving reinforcement fiber materials, resins, laminates, flexible printed
board materials, and conformal coating. Finally, third-level package refers to the
packaging of PCBs, cables, power supplies, and ancillary systems into a frame or
box (e.g., motherboard) using back-panel materials, connector materials, cables,
and flex circuit materials.

The requirements for packaging materials differ at every level. At the first level,
the packaging materials must have a high density and thermal conductivity, where
the coefficient of thermal expansion (CTE) of the materials matches that of the
chip or ceramic. At the second level, the packaging materials must have a cooling
capacity, a low CTE, high hardness, and high damping. At the third level, the pack-
aging materials must be lightweight, vibration resistant, and heat dissipating. At
the zero and first levels, the packaging is completed by the component developer
and producer, whereas at the second and third levels, the unit manufacturer fulfills
this function.

1.3.1 Classification of Electronic Packaging

There are several classifications for electronic packaging: metal, ceramic, metal
ceramic, and plastic packages. Depending on shape, size, and structure, it can be
classified into pin packages, surface mount packages, area array packages, advanced
packaging (3D packages), and so on. Based on the field of application, it is divided
into microwave power device packaging, large-scale integrated circuit packaging,
optical packaging, MEMS packaging, and high-temperature packaging.
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1.3.2 Functions of Electronic Packaging

Electronic packaging has four main functions: physical protection, power and signal
distribution, cooling, and mechanical support. Details follow.

1.3.2.1 Physical Protection

Chips must be isolated from the external world to prevent electrical circuit corrosion
by impurities in the air, to minimize functional degradation caused by corrosion, and
to protect the very delicate chip surface and connecting leads from electrical or
thermal damage by external forces and the external environment.

1.3.2.2 Power and Signal Distributions

Interconnecting conductors deliver power and signals to chips so that chips can
fulfill their function. Wiring length should be minimized. For high-frequency sig-
nals, propagation delay and cross talk need to be minimized. Chips and their pack-
aging should be properly grounded.

1.3.2.3 Cooling Channel

The cooling channel relates to how the heat generated by electronic devices is trans-
ferred to the external heat transfer channel. Based on the requirements for heat dis-
sipation, thinner packaging is better. When the chip power is greater than 2 W, a
heat sink or heat spreader is needed to enhance the package’s heat-dissipation cool-
ing; when the chip power is greater than 5~10 W, forced cooling must be used.

1.3.2.4 Mechanical Support

Packaging for chips and other electronic components provide solid and reliable
mechanical support. At the same time, matching the CTE of the packaging with that
of the frame or substrate can ease stress resulting from external environmental change
and thermal stress from the chips, thereby preventing chip damage and failure.

1.4 Development Trends of Electronic Packaging Technology

Electronic packaging technology continues to progress, propelled by miniaturiza-
tion, high performance, versatility, and the low-cost requirements of electronic
devices. The development trends are as follows:

* Electronic packaging technology continues to move in the direction of ultrahigh
density. 3D packaging, MCM packaging, system in package (SIP), and other
high-density packages are developing rapidly.
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e The miniaturization of electronic packages is progressing rapidly. Chip-size
ultrasmall packaging—wafer-level packaging—is evolving.

* Electronic packaging technology continues to develop from SCMs to MCMs. In
addition to MCMs, there are multichip packages (MCPs), SIP, and stacked
packaging.

* Electronic packaging technology is progressing from separate units to systems
such as system on chip (SOP), SIP, and other packages.

* Electronic packaging technology continues to develop in the direction of high
performance, multiple directions, high frequency, and high power.

* Electronic packaging technology is evolving in the direction of high integration,
including board-level integration and chip-level integration.

1.5 Development Stages of Thermal Management Materials

With the development of electronic packaging technologies, the power of compo-
nents has increased, and there is an ever-increasing number of electronic packaging
materials. Generally speaking, the development of thermal management materials is
divided into the following three stages.

1.5.1 Low-power-device Thermal Management Materials

Low-power-device packaging materials, also known as the first generation of elec-
tronic packaging materials, mainly satisfy the packaging needs of low-power
devices. There are two classes. The CTE of the first class matches that of Si glass.
Because the devices have low power, the requirement for thermal conductivity and
matching CTE is less strict. The most widely used materials are Kovar, Invar alloys,
and epoxy resin packages (Fig. 1.2).

Another class of low-power-device packaging material is pure metals such as Fe,
Cu, W, Mo, and others. Copper has good thermal conductivity and is inexpensive,
which is why it is widely used. Many transistor outline headers still use copper as a
base plate (Fig. 1.3). Semiconductor devices in power electronics are still widely
used in pure Mo films as a Si-chip support base plate (Fig. 1.4).

1.5.2 High-power-device Thermal Management Materials

Since the 1990s, as microwave, radio-frequency electronic packaging technologies
have developed, the density of chip integration has increased dramatically. Transistor
gate lengths are becoming increasingly shorter and are now at 0.026 pum. The output
power of silicon devices is also increasing. With the use of GaAs chip materials,
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Fig. 1.2 Transistor components encapsulated with epoxy resin

J

&

Fig. 1.3 TO header tube socket made of copper material

Fig. 1.4 Silicon chip rectifier SCR and the support base made of pure Mo material
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Fig. 1.5 Second-generation thermal management materials

packaging technology has moved away from minimizing surface mount technology
in the direction of 3D microelectronic packaging technology. The increase in chip
power density requires that the accompanying thermal management materials have
higher thermal performance. Such materials are called the second generation of
thermal management materials. They include, e.g., W/Cu, Mo/Cu, AlSiC, and AlSi
(Fig. 1.5). Second-generation thermal management materials have a higher thermal
conductivity, and their CTE matches well that of the contacting materials. Most of
these materials are composites; single-phase metals cannot satisfy the requirements
of high-power chips.

1.5.3 Ultra-high-power-device Thermal Management Materials

With the advent of high-power-chip SiC materials, thermal management materials
have demanded higher thermal conductivity. The second-generation thermal man-
agement materials cannot satisfy the thermal conductivity requirements of SiC chips.
As a result, third-generation thermal management materials have been developed.
They include composite materials made with diamond and C fiber with very high
thermal conductivity. The commercialized representatives include diamond/copper,
diamond/aluminum, carbon fiber copper, and carbon fiber aluminum (Fig. 1.6).



10

1 Introduction to Thermal Management in Microelectronics Packaging

Fig. 1.6 High-power electronic component packages
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Chapter 2
Requirements of Thermal Management
Materials

Abstract In this chapter, we will present the requirements of thermal management
materials from a physics point of view. First, the mechanism of a metal electron and
the mechanism of a metal lattice on thermal conductivity are discussed in detail.
Next, the effects of atomic structure, chemical composition, porosity, and temperature
on thermal conductivity are presented. In the following section, we will introduce
methods to measure thermal conductivity, the coefficient of thermal expansion, and
hermeticity. Finally, the emergence of quality requirements for thermal manage-
ment materials are discussed.

To fulfill the functions of mechanical support, electric connection, heat transfer, and
protection of microchips, thermal management materials must meet the require-
ments described in the following sections.

2.1 Thermal Conductivity Requirements of Thermal
Management Materials

The main purpose of thermal management materials in electronic components is the
timely transfer of heat generated by microchips through external heat-spreading
channels. The pros and cons of thermal management materials play a very impor-
tant role in the life span and reliability of electronic components. Metallic materials
like copper, silver, and aluminum have good thermal conductivity. Copper has a
thermal conductivity of up to 400 W/mK. Good thermal conducting oxides and
ceramic materials include beryllium oxide, silicon carbide, and aluminum nitride.
Aluminum oxide is one of the most widely used materials; unfortunately, its thermal
conductivity is not good enough. 96% Al,O, has a thermal conductivity of 20 W/
mK at 25°C. The thermal properties of common thermal management materials are
listed in Table 2.1.

G. Jiang et al., Advanced Thermal Management Materials, 11
DOI 10.1007/978-1-4614-1963-1_2, © Springer Science+Business Media New York 2013
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Table 2.1 Thermal conductivity of thermal management materials

Thermal conductivity Thermal conductivity
Material (W/mK) Material (W/mK)
Si 150 w 174
Ge 77 Mo 140
SiC 270 Invar 11
GaAs 45 Kovar 17
SiGe 150 Al 230
InP 97 Cu 400
GaP 133 Au96.85%-Si 27
GaN 13-33 Au80%-Sn 57
InAs 35 Au88%-Ge 44
InSb 19 W85-Cu 200
96%A1,0, 20 Mo85-Cu 170
AIN 270 CMCl:1:1 280
BeO 210 CPCl1:1:1 300
Epoxy 1.7 SiC70%-Al 160
CVD Diamond 1,300-2,000 Si75%-Al 150
C/Al 350 C/Cu 415
Diamond/Al 500 Diamond/Cu 600

2.1.1 Heat-Conducting Mechanism

When two pieces of metal or two objects with different temperatures contact
each other, heat energy shall transfer from the high-temperature piece to the low-
temperature piece. This is the thermal conducting phenomenon. The process of
heat conduction is a process of energy transport. In a solid, energy may be car-
ried by free electrons, lattice vibration waves (phonons), and electromagnetic
radiation (photons). Therefore, solid-state thermal conducting can be accom-
plished by electrons, phonons, and photons. For insulators, the phonon is the
main carrier; for pure metals, the electron is the main carrier; for alloys, lattice
wave plays some role in addition to electrons. As a result, for the materials dis-
cussed previously, metals have the highest thermal conductivity, alloys are next,
and semiconductors have the lowest thermal conductivity.

Another commonly used engineering parameter related to thermal conductivity
is thermal diffusivity. It is defined as

o=—, 2.1
% (2.1)

where o is the thermal diffusivity, d the density, ¢ the specific heat capacity, and 4
the thermal conductivity.

The physical meaning of thermal diffusivity is linked to a transient heat conduc-
tion process. Transient heat conduction is a process involving both temperature
change and heat transfer. Thermal diffusivity is the physical link between the two.
It marks the rate of temperature change. Under identical heating and cooling
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conditions, the greater the thermal diffusivity, the smaller the temperature difference
throughout the object. For example, in a quenching process, the outside steel tem-
perature is outside, while the internal temperature is high. If the thermal conductivity
is high, the temperature gradient will be small and the sample temperature uniform;
on the other hand, the temperature difference between samples will be large. Because
the density and the specific heat capacity of steels are quite similar, it is generally
accepted that the higher the thermal diffusivity, the higher the thermal conductivity.

Thermal conductivity is an engineering parameter used to judge the utility of
insulation or heat exchange materials. It is also an important parameter for calculat-
ing the holding time of material heat treatments. Thermal conducting is a complex
problem that can be affected by many factors. Generally speaking, it is a nonequi-
librium problem. Here we make only a preliminary introduction.

2.1.1.1 Mechanism of Metal Electron Thermal Conductivity

According to the electron theory of metals, a large number of free electrons in
metals can be regarded as free-electron gas. It is a reasonable approximation to
borrow the ideal gas equation to describe the thermal conductivity of the thermal
conductivity of free electrons. The expression for ideal gas thermal conductivity is

1
k=—cvl 2.2
3 (2.2)

where c is the gas heat capacity per unit volume, / the mean free path of the particle,
and v the average particle velocity.

Taking into account various mechanisms, the thermal conductivity of the solid A
is expressed as

I
A=32emis 2.3)

where the subscript j represents the type of heat carrier, ¢, and [, represent various
heat carriers’ heat capacity per unit volume and the mean free path, and v, is the car-
rier fluid velocity. If the heat carrier is a lattice wave, then v, is the corresponding
group velocity of the lattice wave.

A thermal conducting carrier in a metal is mainly free electrons; the lattice wave
also plays a role. As a result, total thermal conductivity can be written as

A=A +A, (2.4)

where 4 _is the electron thermal conductivity and A_is the lattice thermal conductiv-
ity. For pure metals, the thermal conductivity is determined mainly by free electrons;
for alloys, the phonon thermal conductivity contribution needs to be considered.
For electronic thermal conductivity, the electron mean free path L is determined
entirely by scattering of electrons in metals. If the metal lattice is complete, then
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Fig. 2.1 Fermi distribution function./: distribution function at absolute zero. 2: distribution function
at low temperature

movement of electrons will not be hindered and L is infinite. Electronic thermal
conductivity could be infinitely large. In fact, the periodic lattice of metals is not
complete. This is due to the thermal motion of atoms on the grid resulting from
displacement from the equilibrium position, elastic distortion of the lattice caused
by foreign atom, lattice dislocation, and fracture caused by grain boundaries.
Therefore, electronic thermal conductivity is controlled by the scattering process
and could not be infinitely large.

For lattice thermal conductivity, many factors, such as the nonresonance of the
lattice wave, lattice defects, and the presence of impurity atoms, can impact the
scattering mechanism. Therefore, the lattice thermal conducting process is a very
complicated one. Because a heat carrier can only have a limited mean free path and
the mean free path is in turn limited by various scattering mechanisms, for each heat
carrier, its mean free path takes the following overlapping form:

1 l
— E 2.5
l - ~ la s ( )

where o represents various scattering mechanisms.

In metals, the electron density is very high. At absolute zero, the energy of all
electrons is below the Fermi energy level. As the temperature increases, the proba-
bility that an electron occupies an electronic state with the energy € can be expressed
as a Fermi distribution function curve (Fig. 2.1) and f; can be calculated using the
following formula:

e X +1

where K is the Boltzmann constant.
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It can be proved that at a normal temperature, or when KT<<g, the electron
energy distribution in metals is similar to that at absolute zero. In other words, elec-
trons are highly degenerate oriented. Therefore, the thermal conductivity character-
istics of metals depend on the electron characteristics within an energy range of
€. +0(KT) The main factors that affect the states of electrons are point defect
electron scaitering and electron—electron scattering.

It is obvious that thermal vibration and electron scattering are proportional to
<&*>. Taking advantage of this point, the magnitude of point defect electron scatter-
ing can be estimated by the magnitude of thermal vibration at room temperature.
In most solids, at room temperature <&>> is approximately 0.01. The value of <&>
is determined by atomic volume and elastic constants, but the difference is not large.
Electrical resistivity and thermal resistivity at room temperature can be found to be

P o= (P )gr W T = (W) Ty 2.7

where (p),, and (W), are the intrinsic room temperature resistivity and thermal
resistivity, respectively; c is the concentration of point defects (expressed as a per-
centage) and is about 300K.

Electron—electron scattering plays a fairly important role in determining the
resistivity and thermal resistivity of metals with very high density such as transition
metals. In this case, the electrical resistivity and the thermal resistivity have the fol-
lowing form:

p.=BT*,W,_=DT. (2.8)

In general, the electron—electron scattering effect at the low temperature limit
(not a very low tgnperature? is important becau.se f(’lj very pure samples, p, and w,
do not play a major role. This is due to the relationship

p,ocT’ W ocT?. (2.9)

In comparison, p,, and w_ could play more important roles than p, and w,.
Therefore, for the transition metals, in many cases p_ and w_, or the impact of the
electron—electron scattering effect must be considered.

2.1.1.2 Mechanism of Metal Lattice Thermal Conductivity

The thermal motion of solid atoms in a crystal lattice contributes to thermal conduc-
tivity. In an insulator, the lattice thermal conductivity is almost the only mechanism
and only at very high temperatures will thermal photons be of any significance.
In metals, the main thermal conducting carriers are free electrons; in alloys, they are
lattice thermal waves; and in semimetals and semiconductors, the magnitude of
thermal conducting is often the same as that of electrons. Because the lattice
vibration energy is quantized, the energy of a quantized lattice is called a quantum
phonon with energy of ®, and  is the angular frequency of the lattice wave.
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We can see from the expression of thermal conductivity that lattice thermal
conductivity is related to heat capacity, the average speed of lattice waves, and the
mean free path of phonons.

The law of metal lattice thermal conductivity differs from that of insulators.
In addition, electron—phonon scattering constitutes a difference in metal lattice
thermal conductivity and insulator lattice thermal conductivity. For a complete
crystal structure, a lattice wave has a frequency range, that is, from a low to a high
frequency @ . @, is typically 10" Hz. At low frequency, lattice waves can be
regarded as elastic waves; at high frequency, due to the dispersion effect, their
wavelength is similar to atomic spacing.

The interacting force between structural defects and atoms does not completely
obey the law of elasticity (or Hooke’s law). In fact, crystal lattice waves exchange
energy with each other continuously, so each lattice wave has a finite mean free path /.
Also, it is generally a function of frequency. Therefore, the lattice thermal conduc-
tivity can be expressed as

h=3 [ @), (2.10)

where @ is the lattice wave group speed and c(w) the specific heat. Because c(w) is
proportional to 7% at very low temperatures and is independent of 7 at high tempera-
tures, the lattice thermal conductivity A_depends mainly on the phonon mean free
path. In what follows, we will discuss the law of metal lattice thermal conductivity
from points of phonon—phonon scattering: from phonon—phonon scattering,
electron—phonon scattering, and defect-phonon scattering.

* Phonon scattering on a phonon

At high temperatures, the under thermal strain, adjacent atoms are almost
independent of one another and scattering is proportional to <€*>. That is, it is pro-
portional to temperature. Therefore, the intrinsic mean free path is similar to the
electron mean free path, namely:

I o l (2.11)
T

Since a lattice wave has a continuous spectrum range, every vibrating atomic
position can be considered as a separate scattering source and its scattering effect is
weak on a long wavelength lattice wave. And [ increases sharply with a decrease in @.
At low frequencies, /. is proportional to //e" and c¢(w) is proportional to @”. As a
result, at low temperatures, the lattice thermal conductivity (/lg) integral diverges.

Peierls made a rough estimate of the intrinsic thermal resistivity:

3 3
W, = U(%) L—@% 2.12)
a D
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where M is the atomic mass and a’ the atomic volume; the coefficient U depends on
the crystal structure with a typical value of 1/3; yis a nonharmonic-vibration-related
parameter, and @ is the Debye temperature.

From the preceding formula it can be seen that the intrinsic thermal resistance is
mainly determined by the Debye temperature. In general, the higher the Debye
temperature, the higher the phonon thermal conductivity. According to Peierls’s theory,
the phonon process is divided into a forward process and a reverse process. At
high temperatures, most of the phonon collisions are entail the reverse process. As in
the previous analysis, the thermal resistance rate is proportional to the temperature,
and the thermal conductivity is inversely proportional to the temperature.

At low temperatures, phonons reaching the reverse process change according to
e 9T, Therefore, thermal resistivity changes exponentially, that is, WU is propor-
tional to e™®*T, where b is a constant related to the crystal structure. The variation
agrees well with the experimental data.

* Electron—phonon scattering

In metals, electron—phonon scattering usually plays a major role at low tempera-
tures. The effect of electron—phonon scattering is similar to the effect of lattice—electron
scattering. These interactions limit the phonon mean free path. It is found that

@ o o, (2.13)

where o is the angular frequency of the lattice wave.

When /lg is calculated according to Eq. 2.10, the effect of electron—phonon scat-
tering must be taken into account for calculation of the mean free path. This scatter-
ing mechanism causes /lg of metals to be smaller than lg of insulators with elastic
properties. For the latter case, lg is proportional to 7% As in the previous analysis,
the high-temperature resistance of a nonharmonic vibration is dominant; that is, /lg
is proportional to UT,. Therefore, there is a maximum value of ),g as the temperature
changes from low to high. Usually, the maximum ),g value of metals is smaller than
that of insulators.

Equation 2.13 is based on the assumption that an electron has a long mean free
path I, and it is longer than the wavelength of a lattice wave. That is, I’> A. In this
situation, phonons can interact with a single electron. In alloys, /” is limited. In the
typical case, [’ is about 100a (a’ is the volume of atoms). If the concentration of
impurity elements is 1%, then the wavelength of the lattice wave is

This condition of /’> A can still be satisfied. If the content of alloying elements
increases, then there will be a situation where /’< <A. In this situation, phonons will
no longer interact with single electrons; instead, the phonons behave as a whole
electron gas. The scattering effect becomes
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1
— oo’ A, T, (2.14)

pe

In another case, even if the alloy composition is not high, at very low tempera-
tures the lattice wave wavelength increases rapidly, and the effect of electron—
phonon scattering is still obvious.

e Phonon scattering

There is a general rule about the effect of defect—phonon scattering. The main
contribution to thermal resistance at low temperatures comes from a large area
defects; the main contribution to thermal resistance at middle temperatures comes
from point defects.

At very low temperatures, dislocation is usually the most important phonon scat-
tering factor, the thermal resistance can be expressed as

1
x—ngZVVge+ngOCT2, (2.15)

g

where W, is the lattice thermal resistivity caused by electrons and W, is the lattice
thermal resistance caused by dislocation.

When the density of dislocation reaches 10'%/cm?, then the value of Wge, and Wg .
are similar. Therefore, the lattice thermal conductivity of alloys is closely related to
cold processing conditions, while the effect of cold processing upon electrical resis-
tivity is not large. At low temperatures, the relationship between the phonon mean
free path and frequency reflects the relationship between the lattice thermal conduc-
tivity and temperature. If there is the relationship

l(u))oc o "ocT"x™,
then there is the relationship
A, T, (2.16)

where n denotes the form of the relevant defects; for point defects, n=4; for line
defects, n=3; for sheet defects, n=2; for dislocation, n=1.

When the temperature is high and the concentration of point defects is high,
strictly speaking, when n=4, Eq. 1.10 diverges. Therefore, the thermal resistance
caused by point defects is often estimated using another method. That is, at low
temperature, it is associated with electron scattering; at high temperatures, it is asso-
ciated with nonharmonic vibrations. As the temperature is gradually increased from
low to high, the Eq. 2.15 relationship will deviate more and more. Point defects will
lower the maximum value of ),g and broaden the temperature range of the maximum
/lg. At high temperatures, due to the presence of point defects, /lg changes more
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slowly with 7-'. When the temperature and the concentration of point defects are
high, the relationship between A_and the temperature will be

A, ocfe(l=c) T2, (2.17)

where c is the concentration of point defects.

2.1.1.3 Other Thermal Conducting Mechanisms

In addition to the two major heat transfer mechanisms—electronic and phonon ther-
mal conducting mechanisms—there are a photon thermal conducting mechanism
and a magnetic thermal conducting mechanism. If the thermal conducting medium
is transparent at a particular wavelength range, then the thermal radiation can get
through the media, hence the emergence of photon thermal conduction.

A magnon is a quantized unit of spin wave energy, defined in analogy with the
phonon as a quantized lattice vibration. Interaction between magnons and spin
waves develops into a new thermal conducting mechanism; it also becomes a ther-
mal resistance mechanism in electronic and phonon thermal conduction. Various
magnetic effects occur in rare earth materials. They have become a very important
class of magnetic material. The magnetic effect of ferromagnetic and nearly ferro-
magnetic transition metals is also very important. The thermal conductivity of these
materials is under continued research. No complete theory about their thermal con-
ductivity has been developed yet.

The thermal conductivity of superconductors has unique characteristics. Below
the superconducting transition temperature, some of the conduction electrons sepa-
rated from the normal state are condensed into a state of zero entropy. They become
so-called superfluid electrons and conduct current without resistance. The superfluid
electrons do not conduct heat or scatter phonons. Under normal magnetic field con-
straints, thermal conductivity measurements can be performed under a normal state
and a superconducting state.

2.1.2 Factors Affecting Thermal Conductivity

The thermal conductivity of materials is closely related to their material structure,
density, temperature, and pressure. In general, to determine the precise thermal con-
ductivity of a material, it must be measured by experimental apparatus. The factors
that affect the thermal conductivity of materials still represent a very important
topic. On the one hand, thermal conductivity can be used to identify the reliability
of measured data; on the other hand, it can be used to make predictions about the
properties of thermal conductivity of some materials. We will discuss four factors
that can influence metal thermal conductivity.
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1. Effect of atomic structure on thermal conductivity of metals
Because free electrons play important roles in metal thermal conductivity, it is
natural to link the thermal conductivity of metals with their atomic structure and
with the periodic table of elements. If a suitable thermal conductivity unit is
chosen, some regularity can be found. It has been found that, both in long periods
and short periods, metals with one valence electron, such as the alkali metals,
copper, silver, and gold, have the best conductivity. In the same period, thermal
conductivity decreases from metals with one valence electron to metals with two
valence electrons, such as from sodium to magnesium, or from copper to zinc.
Some elements have only partially metallic characteristics, such as silicon, and
their conductivity is low. In addition, some elements have a complex atomic
structure, such as zirconium and titanium, and their conductivity is low.

2. Effect of chemical composition and structure on thermal conductivity of metals

e The effect on thermal conductivity of adding a small amount of impurities
The addition of impurities will cause the residual resistivity of the sample to
increase, lowering the thermal conductivity. Studying the effect of impurities
on the thermal conductivity of iron, it can be seen that the addition of foreign
atoms will lower the thermal conductivity initially; as the amount of impuri-
ties increases, the proportion of thermal conductivity reduction decreases. In
addition, if the atomic structure of the impurities is similar to that of the par-
ent phase, the thermal conductivity will decrease less; an example is the case
of adding cobalt and nickel. If the impurities’ atomic structure and the struc-
ture of the parent phase are very different, then the thermal conductivity will
decrease more; an example is the case of adding manganese and aluminum.
The addition of the metalloid element silicon changes iron’s thermal conduc-
tivity the most. When a variety of impurity atoms is added, the contributions
to thermal resistance will be complex.

There is another point to be made: the higher the thermal conductivity of
the solvent (mother metal) element, the greater the impact of the impurity on
the thermal conductivity of the parent metal.

e Impact of orderness
Slow cooling in an alloy or annealing at very low temperature may generate
ordered alloys. In a typical body-centered cubic structure of an Fe—Co alloy,
the iron atom percentage is 50%. Iron atoms are located in the center of a cube
of cobalt atoms, whereas cobalt atoms are located in the center of a cube of
iron atoms, forming an ordered alloy. This causes the mean free path of the
conduction electrons to increase and their thermal conductivity is much
greater than that of the disordered state.

3. Impact of porosity on thermal conductivity
There are two types of metal materials that can be impacted by porosity: metal
powder material (the metal is surrounded by air or gas) and pressed and sintered
porous metal materials (where voids exist inside the solid metal). Their thermal
conductivity can be estimated by Maxwell’s equations. For powder material that
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is not sintered, if the powder is in a dispersed phase, then the thermal conductivity
of the air is negligible relative to that of the powder and its conductivity can be
obtained by

A, (1+2
A, = A(—q)) (2.18)
1-6
where lp is the thermal conductivity of the powder, A, is the thermal conductivity
of the air, and ¢ is the volume percentage of the metal powder. ¢, =(1-¢) is the
volume percentage of the air. Then, the preceding equation can be written as

3
A =My (q)——z} (2.19)

A

This equation does not contain the thermal conductivity of a metal powder;
the thermal conductivity of powder materials is directly proportional to the
thermal conductivity of the surrounding air.

4. Effect of temperature on thermal conductivity

Whether the thermal conductivity of a metal increases, decreases, or remains the
same depends, with increasing temperature, on the temperature effect on the mean
free path. In general, for pure metals, as the temperature increases, the mean free
path decreases. The thermal conductivity change due to a temperature-induced
mean free path reduction is more important than the direct effect of temperature
on the thermal conductivity. Therefore, the thermal conductivity of pure metals
generally decreases with increasing temperature. For alloys, because of the
presence of foreign atoms, the effect of a change in the mean free path due to
temperature is relatively small, and temperature plays a major role in the thermal
conductivity of alloys; the thermal conductivity of alloys increases as the tem-
perature increases.

2.1.3 Methods of Measuring Thermal Conductivity

Presently, there are two methods to determine thermal conductivity: steady-state and
dynamic methods. The steady-state method is a classical method for determining the
thermal conductivity of thermal insulation materials. It is still widely used and is
based on the principle that the heat transfer rate is equal to the cooling rate at steady
state. According to the Fourier one-dimensional steady-state heat conduction model,
thermal conductivity is calculated by measuring the heat flux through a sample, the
temperature difference at both ends of the sample, and the thickness of the sample.
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Fig. 2.2 Flash method equipment for measuring thermal conductivity

The principle is simple and clear. This method has high accuracy, but the measure-
ment time is long and it has strict requirements with respect to the environmental
conditions. The steady-state method is divided into a heat flow meter method and a
guarded hot plate method. The steady-state method is suitable for measurements of
thermal conductivity at moderate temperatures. The guarded hot plate method has
the highest accuracy, but measurements take a long time and the measurement pro-
cess is complicated and expensive. The heat flow meter method is fast and accurate,
but the measurement range is narrow. A dynamic method has been developed in
recent decades. It is suitable for high-thermal-conductivity materials or in high-
temperature conditions. The dynamic method requires a fixed-power heat source and
records of sample temperature variations with respect to time. Thermal conductivity,
thermal diffusivity, and heat capacity can be found from the sample temperature
changes with respect time. The dynamic method is divided into a hot-wire method
and a laser flash method. The measurement speed is high, but the accuracy is not
(5%). The dynamic method is suitable for high-thermal-conductivity materials or in
high-temperature conditions. A laser flash is generally used to measure the thermal
conductivity of thermal management materials.

The laser flash method for thermal diffusivity measurement is based on the flash
method first proposed by W.J. Parker in the United States in 1960. At that time, the
sample was heated with a Xenon flash, and Xenon lights were later replaced by
lasers. Seventy-five percent of the thermal diffusivity data is obtained from this
measurement. The measuring principle is based on the assumptions that the circular
sheet sample insulated from its surroundings is heated by a uniformly distributed
instantaneous laser pulse, the temperature on the backside of the samples will rise,
and the heat transfer is one-dimensional. Thermal diffusivity is calculated according
to the theoretical model of thermal diffusivity. A set of measuring equipment is
shown below (Fig. 2.2).
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2.2 Coefficient of Thermal Expansion Requirement
of Thermal Management Materials

In general, material will expand when the temperature increases and shrink when
it cools. At the same temperature, different materials undergo different amounts
of material expansion and contraction. Therefore, when two different materials
are welded together, material expansion and contraction are restrained, resulting
in thermal stress at the interface between the two materials. After a period of time
and after repeated temperature cycling, thermal stress will cause material to bend,
deform, or even crack. In the field of thermal management materials, die and
package materials include Si, GaAs, InP, and Al O, or BeO and other semiconduc-
tor materials and ceramics. They are brittle materials. When they are welded
together with a heat sink material, the difference between the CTEs is too large.
After repeated temperature cycling, the chip or ceramic will warp and the welding
joint could fail. Serious and complete failure or the cracking of ceramic materials
and microchips could happen, affecting the life span and reliability of the compo-
nents. In general, thermal management materials are required to have a CTE of
less than 7x 107°K-! and to have an optimal match of the CTE between thermal
management materials and die materials to reduce interfacial thermal stress. The
CTE match requirements of thermal management materials places limits on many
good-thermal-conductivity materials with wide applications. For example, copper
has good thermal conductivity, but unfortunately its CTE is up to 16.5x 107°K~".
The large CTE difference in dies and ceramics will cause the welding to deform
and crack. Therefore, to meet the demands of high-power components, many
researchers have developed functional composite thermal management materials,
such as the second generation of the W—Cu and SiC—Al composites and the third
generation of thermal management materials Diomand/Cu and C/Cu. These
advanced materials have a low CTE and high thermal conductivity and their CTEs
match those of the die materials. They represent the research and development
direction for the future. Table 2.2 lists the CTEs of the second- and third-genera-
tion thermal management materials.

2.2.1 Definition of Coefficient of Thermal Expansion

The CTE is divided into the linear CTE and volume CTE. The linear CTE is defined
as the average coefficient of linear expansion: when the temperature changes from
t, to t,, the length of the correspondingly the length changes from L, to L,,

L,-L AL

@ = -
L(t,—1) LAt
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Table 2.2 Coefficients of thermal expansion of thermal management materials

CTE (10°K™)
Material 20°C Material CTE (107°K™")
Si 4.1 % 4.6
Ge 5.5 Mo 5.4
SiC 4.0 Invar 04
GaAs 7.5 Kovar 4.2
InP 28 Al 22
96%Al1,0, 6.3 Cu 17
AIN 4.2 Au96.85%-Si 12.3
BeO 6.4 Au80%-Sn 15.9
Epoxy 54 Au88%-Ge 13.4
W85-Cu 6.9
Mo85-Cu 6.7
CMCIl:1:1 8.9
CPCl:4:1 7.8
SiC70%-Al 7.0
Si75%-Al 6.5
C/Cu 6.5
Diamond/Cu

As At approaches zero, the preceding limit (in the case of constant pressure P) is
defined as the differential linear expansion coefficient:

1(oL
o, === .
L\ ot ),
Corresponding to this, when the temperature changes from ¢, to z,, the volume of

material changes from V| to V,, and the average coefficient of volume expansion
becomes

5o V-V _ AV
Vi(t,-1) VAt

Similarly, when At approaches zero, the preceding limit (in the case of constant
pressure P) is defined as the differential volume expansion coefficient:

1(oV
B.=5 -
viot ),
The differential coefficient of expansion is the expansion coefficient at a given

point and at a certain temperature. For engineering applications, the average expan-
sion coefficients are used most often.
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2.2.2 Methods for Measuring the Coefficient
of Thermal Expansion

Traditional methods for measuring the CTE of solid materials include push-rod
dilatometer, optical lever dilatometer, the direct observation method, optical inter-
ferometry, X-ray method, the capacitance method, and others. Many of these meth-
ods were developed under certain conditions for specific research purposes; they
cannot be used indiscriminately. Methods for measuring the CTE of composite
materials can be divided into relative and absolute groups. The former group
includes a volume method and a differential method; the latter group includes a
telescope direct observation method and an interferometry method. The most
recently developed laser method may be used more for measurements of composite
materials.

The volume method is suitable for testing the composite volume expansion
coefficient. The working principle is as follows. After the specimen is put into the
liquid bath, the liquid height change is recorded along with the temperature change.
The volume change and the volume CTE of the sample can be found after the effect
of the liquid volume change itself due to the temperature change is eliminated.

The differential method is used based on the fact that a sample elongates as the
temperature increases. The sample is connected to a micrometer and a gauge shows
the total elongation amount of the specimen and the push rod. When the push-rod
elongation amount is deducted, the specimen’s amount of elongation is known.
Thus, the linear expansion coefficient of the composite is obtained. This method is
simple and reliable, and samples can be tested in a wide temperature range.

A high-sensitivity microtelescope direct observation method is used to observe
the dimensional variation of test pieces due to temperature variation, resulting in a
linear expansion coefficient. Its unique feature is that the upper temperature is
high, currently up to 3,600°C. The working principle of an interferometer is intro-
duced here. A change in specimen size will change the light optical path of one
beam, so that the images rendered on a screen and the interference fringes will
change. When enough fringe data are collected following the thermal expansion of
the sample, the expansion length can be extrapolated using principles of physical
optics. Thus, the linear CTE can be calculated. The greatest feature of this method
is that even if the sample is thin, accurate results can be obtained; but the operation
procedure is rather complicated and requires skilled specialists for testing. One
piece of equipment for measuring the CTE is shown in Fig. 2.3.

2.3 Hermeticity Requirement of Thermal Management Materials

To ensure a chip has a good working environment, thermal management materials
with good hermeticity are often used for hermetic packages. In a hermetic package,
the required hermeticity is less than 1~5x 10~ Pa.m?/s. Hermeticity reflects the



26 2 Requirements of Thermal Management Materials

Fig. 2.3 DL402PC thermal conductivity measurement equipment

density of the material inside. The airtightness performance of many dense metals
such as Kovar is good, and no extra testing is required; but for composite thermal
management materials such as the refractory metal series W (Mo)—Cu and the alu-
minum matrix composite series SiC (Si)/Al, which are prepared by powder metal-
lurgy, achieving good air tightness is one of the key technical process challenges. If
the process is not controlled properly, problems related to tightness quality could
occur, causing the entire batch of products to be scrapped. Inspection of airtightness
during the production process is required.

In general, the hermeticity of thermal management materials is tested at the gross
leak level and fine leak level. There are three types of gross leak test, namely, the
bubble test, the weight gain test, and the dye penetrant test. In the bubble test, the
device is immersed in a bath of indicator fluid at a temperature above the boiling
point of the tracer fluid. The device must first be pressurized with the tracer fluid at
a given temperature and pressure, which are determined in a way similar to fine
leakage tests. The weight gain test involves cleaning and weighing the package
before pressurizing it in a fluorocarbon tracer. The tracer material should have low
viscosity and a low vapor pressure. The device is then dried and reweighed. The dye
penetrant test utilizes a dye as a tracer; hence it is mostly used on transparent pack-
ages. Again, the device is pressurized in the tracer. The next stage, after washing, is
to visually inspect (using a UV light) the interior to find dye inside of the cavity.

For a helium leak test, the package is placed in a pressurization tank, which is
pressurized with helium at a given temperature for a given amount of time. The
package is then removed and placed into a mass spectrometer so that the amount of
helium coming out of the case can be observed. The test parameters are based on the
internal volume of the package.
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2.4 Other Performance Requirements of Thermal
Management Materials

Electronic packaging materials must have high mechanical strength and good
processing properties in order to be processed into a variety of complex-shape parts.
In the aerospace field and in some portable electronic devices, electronic packaging
materials must have lower density in order to minimize the weight of the devices.
In addition, low cost is required for mass production.

2.5 Appearance Quality Requirements of Thermal
Management Materials

2.5.1 Surface Layer of Nickel and Gold Plating Performance
Requirements

To improve the reliability and stability of electronic components, component sur-
faces need to be gold plated. Before they are gold plated, the surfaces need to be
nickel plated. For certain devices, nickel plating can facilitate silver and copper
soldering. Therefore, thermal management materials should have very high-quality
nickel and gold plating. For a nickel plating layer, a thickness of between 100 and
300 micron. is required. When they are heated at a high temperature of 850°C for
5 min, there should be no visible air bubbles under a 10x microscope; for a gold
plating layer, a thickness of between 50 and 100 micron. is required. When the
materials are heated at a high temperature of 350°C, there should be no visible air
bubbles under a 10x microscope.

2.5.2 Quality Requirements of Surface Appearance

1. Surface roughness must be less than 0.8 pum, the lateral roughness less than
3.2 um, the surface parallelness less than 0.02 mm, and the surface flatness less
than 0.02 to 0.05 mm.

2. The surface scratch depth must be less than 0.0125 mm, the pinhole depth less
than 0.025 mm, and the diameter less than 0.0127 mm.

3. There must be no visible burr on the surface; the side burr depth must be less than
0.02 mm.

4. There must be no oil spots, rust spots, or cracks on surfaces.
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Chapter 3
Overview of Traditional Thermal
Management Materials

Abstract In this chapter, we will present an overview of traditional thermal
management materials. First, we will review the properties of Al O, dielectric mate-
rials and their applications in thick-film circuit substrate, thin-film circuit substrate,
and multilayer substrate. Next, we will present the properties of Al,O,, BeO, AIN,
SiC, and mullite and their manufacturing methods. In the following section, we will
introduce traditional polymer-based thermal management materials, such as epoxy,
silicone rubber, and polyimide. Finally, we will introduce pure metal or alloy tradi-
tional thermal management materials such as Cu, Al, W, Mo, and Kovar and their
manufacturing methods.

Thermal management materials can be classified into several groups generally in
accordance with the package structure, form, and material composition. On the
basis of package structure, thermal management materials include mainly sub-
strates, wiring, interlayer dielectric materials, and sealing materials. The substrates
are generally divided into rigid and flexible boards. A flexible circuit board is light
and thin. It may be suitable for portable electronics and wireless communications
markets. Substrate metallization can wire chips on the substrates, and the wiring
must have a lower resistivity and good solderability. The interlayer dielectrics are
divided into organic (polymers) and inorganic (such as SiO,, Si,N,, and glass) sub-
groups. They protect, insulate, and isolate the electronics to prevent signal distor-
tion and other effects. Epoxy resin sealing materials account for 90% of the total
current electronic sealing materials. Based on form, packaging can be divided into
hermetic packaging and solid packaging. A hermetic package is one whose die cavity
is filled with a certain atmosphere of space and isolated from the outside world;
a solid package is one whose die surroundings are connected with the packaging
structures. Based on material composition, materials can be divided into ceramic-
based, plastic-based, and metal-based thermal management materials.

With the rapid development of electronic packaging technology, high-power
electroniccomponents, and minimization have come more stringent requirements
for packaging materials and more demand for the development of new thermal
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management materials. In general, the development of thermal management materi-
als shows the following characteristics:

* Low density. Because of the prevalence of portable electronic products, people
are paying more and more attention to the issue of weight reduction; weight
reduction for space applications is also important. Therefore, low-density mate-
rials such as aluminum, copper, and polymer materials will be widely used.

* High thermal conductivity (TC), low expansion. Because multichip packaging
technology in the next few years may occupy an important position in the pack-
aging field, and its density is increasing, the requirement for thermal conductivity
of packaging materials has increased. Traditional electronic packaging materials
cannot meet the requirement of high-density packaging. Therefore, many new
electronic packaging materials with high thermal conductivity and low thermal
expansion have been developed in recent years.

» [Integration. As the number of ultrathin and ultrasmall electronic devices contin-
ues to increase, electronic packaging materials are also bound to become thinner
and smaller. To reduce production costs and improve the reliability of packaging,
it is expected that a combination of multicomponent, multifunctional, modular
packages will be the future direction of development. New processing technology
will have to be adopted to follow this trend.

Before we get into advanced thermal management materials, we will introduce
the traditional thermal management materials.

3.1 Ceramic Matrix Conventional Thermal Management
Materials

Ceramic-based thermal management electronic materials are commonly used, rela-
tive to plastic-based and metal-based thermal management materials. Their advan-
tages are as follows:

. Low dielectric constant, high-frequency performance;

. Good insulation and high reliability;

. High strength, good thermal stability;

. Low thermal expansion coefficient, high thermal conductivity;
. Good hermiticity, good chemical stability;

. Good antimoisturization property, not prone to microcracking.

AN AW =

Microelectronic technology requires that the device package have a high density
and fast heat dissipation and be lightweight, thin, fast, and inexpensive. Ceramic
packages can largely meet these requirements, but at a higher cost. They are suited
for advanced microelectronic device packages such as aerospace and military engi-
neering applications, which require high-reliability, high-frequency, high-temperature,
hermitic packages. They are also widely used in mobile communications, household
appliances, automobiles, and other applications. Ceramic-based thermal manage-
ment materials are produced mainly by a casting process. Casting originated in
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1961. It is used in hybrid integrated circuits (HICs) and multichip module (MCM)
ceramic packages. The United States, Japan, and other countries have developed
many multilayer ceramic substrates. Now high-tech ceramics are widely used. The
most commonly used ceramic thermal management materials include Al,O,, AIN,
BeO, SiC, and mullite.

3.1.1 ALQO, Thermal Management Materials

ALQ, ceramics has a good overall performance and is currently the most mature
thermal management material. Al O, raw materials are abundant. They are inexpen-
sive, strong, and hard and show a good thermal shock tolerance, good insulation,
chemical stability, and good adhesion to metal. Al,O, ceramic substrates accounts
for 90% of the total ceramic substrates. It is an indispensable material in the elec-
tronics industry. Depending on the concentration of Al O, content, it is divided into
99 ceramic, 95 ceramic, 90 ceramic, 85 ceramic, etc. For packaging applications, 99
porcelain is the most widely used material. It has 99.5% Al O, content. The overall
performance of ceramics can be improved by increasing Al O, content, but the
required sintering temperature increases with a corresponding increase in manufac-
turing costs. The sintering temperature and dielectric constant of Al,O, mixed with
Ag, AgPd, and other metal conductors or low-melting-point glass can be reduced.
However, the CTE (7.2x107° K") and dielectric constant (9.7) of ALQO, ceramic
substrates are higher than single-crystal S and its thermal conductivity (17 W/mK)
is low, limiting its application in high-frequency, high power, ultra-large-scale inte-
grated circuits (ICs).

Al O, thermal management materials are mainly used as a thick-film circuit sub-
strate, thin-film circuit substrate, and multilayer substrate.

3.1.1.1 Thick-film Substrate

The requirements of a thick-film substrate are that it must have a flat and smooth
surface finish for screen printing, withstand sudden increases and sudden decreases
in temperature for thick-film sintering and dip soldering processes, possess good
mechanical strength to withstand stress, and show good thermal performance. In
addition, it should have good electrical insulation and high-frequency characteris-
tics and good dimensional accuracy, and be inexpensive. Thick-film circuit sub-
strates are found in approximately 90-97% of Al O, ceramics.

3.1.1.2 Thin-film Circuit Substrate

In addition to the requirements for thick-film substrates, the performance of a thin-
film circuit substrate is also very sensitive to surface roughness, and surface finish
requirements are higher. Surface roughness should be below 0.025 pm or better.



32 3 Overview of Traditional Thermal Management Materials

Most AL O, thick-film ceramic substrates have a surface roughness of 0.13-0.20 pm.
Under normal circumstances, Al,O, with smaller grains and higher purity has a
better surface finish.

3.1.1.3 Multilayer Substrate Integrated Circuits

Currently, Al O, ceramic multilayer substrates are mostly used to improve the inte-
gration of 3 day ICs. Multilayer substrate technology takes the following three
forms:

1. Thick-film printing multilayer
On a sintered Al O, ceramic substrate, a multilayer is formed by laminating Au,
Cu, and other conductive pastes with a low-dielectric paste. The multilayers are
sintered in 850-900°C. This substrate is inexpensive, easy to replace, and easily
forms the desired impedance. But to prevent the occurrence of a fault, up to 5-6
layers are used and the line width cannot be too narrow.

2. Preform multilayer
Through-holes are formed on presintered Al O, preforms. Circuits made of W,
Mo, and other high-melting-point metal conductive pastes are printed. After
printing, presintered preforms are laminated together. The laminated multilayers
are sintered in a reducing atmosphere.

3. Preform printing multilayer
On the performs, W or Mo conductive paste and Al O, dielectric paste are printed
alternatively and then sintered together. The performance of a multilayer sub-
strate made in this way falls between the two methods above. Its main features
are that the design can be changed easily for a variety of products and the pro-
duction cycle is short.

To improve the thermal conductivity of Al,O, ceramics, Larson and others use
diamond-coated Al,O, ceramic substrates to improve the thermal performance.
They deposited a layer of composite thin film containing a diamond phase and SiO,
using plasma CVD technology on top of the Al,O, ceramic substrate; the reaction
gases contained C, H, Si, and O elements in the gas mixture. The results showed that
the thermal conductivity of the diamond-coated Al,O3 ceramic substrate was
significantly improved; the temperature gradient under the same conditions as the
general Al O, ceramic substrates was reduced by approximately 50%.

3.1.2 BeO Thermal Management Materials

BeO ceramics have a piezoelectric property, photochemical property, high strength,
low dielectric constant, low dielectric loss, high adaptability in packaging technology,
and other characteristics. A BeO ceramic substrate has a high thermal conductivity,
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Table 3.1 BeO ceramic material properties with different BeO purities

BeO content/%

Property 95 98 99 99.5
Density/(g/cm?) 2.8 2.85 29 29
Bending strength/MPa 186 186 186 186
TC/(W/mK) 201 205 243 255
Bulk resistivity 20°C/(€.m) >10° >10° >10" >10"
30°C/(Q.m) 101 105 10 10
Permittivity 1 MHz below 6.5 6.5 6.8 7.1
Dielectric losses 1 MHz below Tx10* 1x10+ 5x 10 2x 10

close to that of metals. Its thermal performance is significantly better than that of
AL O, ceramics. It is also a good insulating material and, therefore, a widely used
material for high-power electronic components. BeO ceramics with a purity greater
than 99% and with a 99% relative density have a thermal conductivity at room
temperature of up to 350 W/mK; but the thermal conductivity of BeO ceramics
containing other ingredients with different structures would drop dramatically.
Therefore, the purity requirement for highly thermal conductive BeO ceramics is
very demanding, generally more than 99%. In addition, the thermal conductivity of
BeO ceramics drops significantly with increasing temperature. At 1,000°C, thermal
conductivity decreases to 10% of the thermal conductivity at room temperature.

By BeO content, BeO ceramics are divided into 95, 98, and 99% BeO ceramic. Its
main properties are shown in Table 3.1. BeO ceramic thermal conductivity is nine
times that of AlO, ceramics. Unfortunately, BeO ceramic dust is highly toxic and
expensive. Protective measures must be taken in production; high processing tempera-
tures are required. Therefore, the production cost of BeO substrates is high; in addi-
tion, the production process pollutes the environment, limiting its production and
applications. At present, BeO substrates are mainly used in high-frequency, high-
power electronic device cooling, aerospace equipment, and other applications. A BeO
sheet with metal coating has been used in aircraft control systems and automotive
ignition devices. Pacific Microelectronics makes low-cost BeO ceramic substrates
with BeO coarse particles.

A BeO waurtzite structure is shown in Fig. 3.1. The crystal structure is a hexago-
nal close pack (hcp) array of Be* with O~ in half the tetrahedral sites.

The dark gray balls represent beryllium atoms, and the light gray balls represent
oxygen atoms

The BeO ceramic production process follows the usual porcelain process: prepa-
ration, molding, and sintering. Because the toxicity of BeO powder is strong, direct
contact with BeO should be avoided during production; special attention must be
paid to prevent BeO dust and air pollution. A BeO ceramic is a high-refractory oxide
with a melting point of 2,570°C. It has strong covalent bonds. The sintering tem-
perature of pure BeO ceramics is 1,900°C or more. To reduce the sintering tempera-
ture, AlO, and MgO, and other agents are often added. However, thermal
conductivity can drop by 15% with an additional 1% SiO, in the BeO ceramic.
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Fig. 3.1 Organizational
structure of BeO

3.1.3 AIN Thermal Management Materials

AIN is a promising thermal management material with excellent electrical and
thermal performance. Compared with A1,0,, AIN has higher thermal conductivity
and its CTE matches well with that of Si. Its dielectric constant is lower, suitable for
high-power, multilead, large chips. AIN has high hardness and is suitable for harsh
environments; AIN thin substrates can be made to meet the needs of a variety of
packaging substrates, suitable for production of ultrafast, ultra-large-scale IC
substrates.

AIN has a diamond crystal structure similar to the wurtzite-type structure for
covalent nitrides with a theoretical density of 3.26 g/cm?® and decomposition tem-
perature of 2,790°C and a theoretical thermal conductivity of up to 319 W/mK. Due
to the strong covalent bonding in AIN, sintering is difficult, especially at atmo-
spheric pressure sintering. To promote densification, sintering additives must be
used. The sintering additives include rare earth oxides and alkaline earth oxides
such as BzOz, Y203, LazOz, and CaO. In the sintering process, these additives react
with oxygen impurities in AIN powder, producing additive-Al-O compound oxides
and promoting densification of AIN.

Therefore, the research on AIN ceramics has focused on the reduction of sinter-
ing temperature and improvement of thermal conductivity. Liang and others add
Can and YF, sintering agents, at 1,750°C, N, atmosphere sintering, a thermal con-
ductivity of 180 W/mK of AIN ceramics was obtained. Li and others obtained an
AIN ceramic with a relative density of 96.3% at 50 GPa, 1,300°C sintering for
50 min. Therefore, to obtain AIN ceramic with a high purity and high density, the
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Table 3.2 Comparison of translucent AIN ceramic and Al,O, and BeO ceramic performance

Properties AIN ALO, BeO
Purity/% >99.5 >96 >99.5
Hardness HV/GPa 11.76 24.5 11.76
Density/(g.cm™) 2.36 3.98 29
Bending strength/MPa 392 294 186
TC/(W/mK) 140 20 255
CTE (20-400°C)/10° K~ 44 7.2 8.0
Bulk resistivity 20°C/(€2.m) 10 10 >10%
Permittivity 1 MHz and below 8.9 9.4 7.1
Dielectric losses 1 MHz and below 58x 10 4x10™ 2% 10

oxygen content in the raw materials must be low, the grain size small, and the sintering
temperature above 1,600°C with an N, presence. It is even better to have high tem-
perature and high pressure at the same time. By adding sintering agents such as
CaO, YZOB, and others, not only does a liquid phase develop, but the densification
and mechanical strength are improved, the oxygen content can be reduced, and the
thermal conductivity is improved. The purity of AIN is increased with the presence
of N,. The preparation process of AIN ceramics is complicated and costly, and large-
scale production and application have yet to be developed.

“SHAPAL” AIN is a translucent ceramic thermal management material made by
a reduction nitriding method. It is made with high-purity, fine-grained AIN powder,
and to the powder is added 1.0 wt.% of a CaO sintering agent. The preforms can be
made by a cast-molding method or dry compression method; finally, sintering is
performed in hot pressing or pressureless conditions. Fully dense translucent AIN
ceramic thermal management materials have been obtained with a density of 99.5%.
Their properties, along with the properties of Al,O, and the BeO performance of
thermal management materials, are shown in Table 3.2.

3.1.4 SiC Thermal Management Material

SiC compounds have strong covalent bonds and a diamond-type structure. There are
75 variants of such compounds. The main variants are a-SiC, 6H-SiC, 4H-SiC,
15R-SiC, and B-SiC, where H represents the hexagonal structure and R represent
the rhombohedral structure. Numbers before H and R represent the number of
layers in a repeated cycle along the c-axis. a-SiC is a hexagonal crystal with a high-
temperature stable structure. 3-SiC is a cubic crystal and has a low-temperature
stable structure. Starting from 2,100°C, B-SiC undergoes transformations into
a-SiC. SiC ceramics have no melting-point temperature. At 1 atmospheric pressure
and a temperature of 2,830+40°C SiC decomposes into silicon and carbon.

SiC ceramics have a high thermal conductivity (at room temperature in the range
of 100490 W/mK) and a low CTE. Its CTE matches well that of Si. It has good
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Table 3.3 Physical properties of SiC material

SiC ceramic

Properties Dip silicon method Pressure sintering CVD
Density/(g.cm™) 3.15 3.15 2.9-3.19
Bending strength 460 350430 ~500
Hardness HV 2,800 2,800 3,000—4,000
Modulus/GPa 410 410 >480
TC/(W/mK) 80.9 91.96 83.73

CTE (20°C)/107° K™! 4.4 4.8 4.8

electrical insulation properties and high mechanical strength. The SiC ceramic
sintering process is difficult, and it is necessary to add a small amount of Be or Al
oxide as a sintering agent to increase the density. Studies have shown that Be, B, and
Al and its compounds are effective additives. Density up to 98% of pure SiC ceramics
can be obtained, but the dielectric constant of SiC is high and the dielectric strength is
low, limiting high-frequency applications used only in low-density packaging.

SiC ceramics can be prepared by reactive sintering and densification sintering
with additives. Reactive sintering includes a high-temperature recrystallization
method and SiC-C system green-body-forming silicide sintering methods. Another
way to make SiC ceramics is to make SiC-C preforms first. Then they are heated to
1,650°C. The preforms are dipped into melted silicon. SiC prepared in such a way
is very dense, but the residual silicon dramatically reduces the mechanical strength
in a range of 1,200-1,400°C. The physical properties of SiC ceramics are shown in
Table 3.3.

3.1.5 Mullite Thermal Management Materials

Mullite made of Al,O, and SiO, is the only stable binary compound at normal pres-
sure. Its chemical formula is 3Al ,0,-28i0,. There is little natural mullite. It can be
made by sintering or synthesized by an electrlcal melting method. Mullite’s mechan-
ical strength and thermal conductivity are lower than those of AlL,O,. It has a low
dielectric constant, low CTE, and high hardness, in addition to good thermal and
chemical stability. Mullite is an alternative material to Al,O, and has been exten-
sively developed. The dielectric constant, CTE, substrate deformatlon and stress
can be reduced by adding MgO.

3.1.6 Multilayer Cofired Ceramics

Multilayer cofired ceramic substrates are monolithic substrates made by lamination,
hot pressing, binder removal, and sintering processes. Due to multilayer, higher
wiring density and shorter interconnect lengths, packing densities and signal
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transmission speeds have increased, meeting the electronic system miniaturization
requirements for high reliability, high efficiency, and high power. Therefore, they
are widely used in a wide range of applications. There are two kinds of multilayer
cofiring process: a high-temperature cofiring and a low-temperature cofiring pro-
cess. High-temperature cofiring is mainly suited for Al,O,, AIN, and other materials.
Generally, the temperature is in the 1,650-1,850°C range, and W, Mo, Mn, and
other refractory metal wire materials are used for conducting wires. The advantages
of high-temperature cofiring are that it produces high mechanical strength, high
thermal conductivity, high wiring density, and high chemical stability. For high-
temperature cofired ceramic (HTCC) circuit interconnect substrate, W and Mo have
a high resistivity, and the circuit resistance loss is high. As the frequency and speed
of ultra-large-scale ICs increased and the density of the packaging increased due to
the miniaturization of electronic devices, low-temperature cofired ceramics (LTCC)
came into being. LTCC is divided into three categories: glass-ceramic systems,
glass systems, and nonceramic glass systems. LTCC sintering temperatures are
mainly between 800 and 900°C. The raw ceramic material is mixed with an organic
binder, and the preform is prepared by a casting process. Through-holes are punched
in the preforms, and the through-hole metallization and printed conductor pattern
form electrical connections between the layers. After the lamination, hot pressing,
and binder removal processes are finished, the multilayer is sintered at a low tem-
perature below 980°C. The main difference between LTCC and HTCC substrates is
that the ceramic powder ingredients and metallization materials are different. The
LTCC sintering process is easy to control. It has high-dimensional accuracy and its
production costs are low. It can be cofired with Cu, Ag, Ag2Pd, and Au. It has a low
dielectric constant (6.5-7.2, 1 MHz), low dielectric loss, and low CTE [(5.3-
5.6)x 107 K], good bending strength (250 MPa), and high-frequency performance.
LTCC is an ideal material for high-frequency applications. LTCC is currently widely
used in the military, aerospace, automotive, electronics, medical, and other fields.
LTCC will be the leading electronic ceramic packaging technology in the future.

3.2 Traditional Plastic-based Thermal Management Materials

For plastic-based thermal management materials, the cost is low and the manufac-
turing process is simple. Among electronic thermal management materials, it is the
most widely used and fastest-growing material. It is one of the most important
classes of materials to achieve miniaturization of electronic products; it is light-
weight and low-cost thermal management material. Plastic-based thermal manage-
ment materials are not dense enough; the ion content is high, and the temperature
reliability is not good enough. As the properties of the raw materials and the formu-
lations are improved, these issues will be gradually resolved. At present, the prob-
lem that needs to be addressed is the fact that the CTE of plastic-based thermal
management materials does not match that of silicon wafers. The ideal plastic-based
thermal management material should have the following properties:
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. High material purity, very few ionic impurities;

. Good adhesion of the lead frame with the device;

. Low water absorption and low water vapor transmission rate;
. Low internal stress and shrinkage;

. Low CTE, high thermal conductivity;

. Fast formation and curing, good mold release;

. Low viscosity, fast filling, flashless;

. Flame retardant.

0O\ LN A~ W

Most plastic-based thermal management materials are thermosetting plastics,
including epoxy, phenols, polyester, and silicone (silicone plastic). The commonly
used plastics are epoxy, silicone rubber, polyimide, and others.

Epoxy molding compounds (EMCs) are composed of phenolic epoxy resin, phenol
resin, filling (Si0,), mold release agents, curing agents, dyes, etc. EMCs have excel-
lent adhesion and electrical insulation, high strength, good heat tolerance and chemi-
cal resistance, low water absorption, and good molding characteristics. EMC-based
plastic packaging accounts for more than 90% of packaging in the industry. According
to a report, by mixing the negative thermal expansion material ZrW,0O, powder by a
certain percentage with the E51 epoxy resin by ultrasonic treatment, ZrW 0, powder
can be uniformly dispersed in the epoxy matrix. As the fraction of ZrW,0, mass is
increased, the CTE is reduced and the glass transition temperature and tensile and
bending strength are increased. Rimdusit developed new polymeric systems based on
the ternary mixture of benzoxazine, epoxy, and phenolic novolac resins. A glass tran-
sition temperature as high as 170°C and considerable thermal stability at 5% weight
loss up to 370°C can be obtained from these systems. Phenolic novolac resin acts
mainly as an initiator for these ternary systems, while low melt viscosity, flexibility,
and improved crosslink density of the materials are attributed to the epoxy fraction.
Polybenzoxazine imparts thermal curability, mechanical properties, and low water
uptake to ternary systems. The materials exhibit promising characteristics suitable for
application as underfilling encapsulation and other highly filled systems.

Silicone rubber has good heat aging resistance, UV aging resistance, and insulat-
ing properties. It is mainly used in semiconductor and LED packaging. According
to one report, a colorless and transparent silicone thermal management material was
obtained by mixing silicone, organic silicone oil, and a reaction catalyst. It can be
used for high-power white LED packaging. A light transmission rate of 98% and
white LED luminous flux of up to 42-65 Im were obtained. When epoxy resin is
used as lens material, anti-aging properties are obviously inadequate. It is incompat-
ible with the heat management material interface and dramatically reduces the life
of a LED. Silicone rubber is a material that shows good interface compatibility and
anti-aging properties. High refractive index silicone rubber materials have become
a priority in development and production.

Polyimide can withstand temperatures of up to 350-450°C. It has good insula-
tion, good dielectric properties, and good resistance to organic solvents and mois-
ture. It has been widely used in the semiconductor and microelectronics industry.
A polyimide layer is mainly used as a passivation layer, stress buffer, protective
coating, interlayer dielectric material, or liquid crystal orientation film. It is espe-
cially suitable for flexible circuit substrates.
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3.3 Pure Metal or Alloy Traditional Thermal
Management Materials

Traditionally, both pure metals and alloys, such as Cu, Al, W, Mo, and Kovar, have
been the most widely used heat sink materials. The thermal properties of some pure
metals and alloys are shown in Table 3.4.

3.3.1 Pure Copper and Aluminum Metal Thermal
Management Materials

Copper and aluminum are inexpensive and have good thermal conductivity. Copper
has a thermal conductivity of 400 W/mK at room temperature, whereas aluminum
has a thermal conductivity of 240 W/mK at room temperature, second only to silver.
From the perspective of heat transfer, both copper and aluminum are ideal as thermal
management materials and can be used in applications requiring high thermal con-
ductivity and high conductance. Initially, copper and aluminum were used in power
devices. Currently, aluminum is the main heat spreading substrate material in LEDs.
However, copper and aluminum both have high CTEs—16.5x 107 K-! in the case of
copper and 23 x 1076 K~! for aluminum, which are much higher than those of match-
ing ceramics and Si chips. When they are bonded to a rigid ceramic substrate, a large
thermal stress is produced, affecting the life span and reliability of the electronic
components. To reduce the stress on the ceramic substrate, designers replace one
single substrate with several smaller substrates with separate wiring. In addition, the
mechanical properties of copper and aluminum are poor. High-temperature-induced
softening in the packaging and sealing results in permanent deformation or even
cracking. Therefore, to improve the annealing temperature of copper, a small amount
of ALQ,, zirconium, and silicon oxides are added, enhancing the high-temperature
mechanical strength of copper by a dispersion strengthening effect. As a result, the
annealing temperature of oxygen-free high conductivity is increased from 320 to
420°C, the reduction in thermal conductivity and electrical conductivity is not
significant. Dispersion-enhanced, oxygen-free copper made by SCM Metal Products’

Table 3.4 Thermal properties of pure metals and alloys

Material Density(/cm?) TC(W/mK) CTE(10° K™) Modulus (GPa)
Cu 8.96 400 16.5 110
Al 2.7 230 23 70
w 19.3 170 4.6 400
Mo 10.2 140 5.4 340
Kovar 8.2 17 4.2 138

#10 steel 7.8 49.8 12.6 207
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Glidcop contains 0.3% Al O,. Its thermal conductivity reaches 365 W/mK. This
material is widely used in metal packaging.

Copper thermal management materials are generally oxygen-free or dispersion
enhanced oxygen-free. Their purity can reach 99.97% or more. Impurities such as
Fe, Ni, etc. have a strong negative impact on the thermal conductivity of copper, but
the effect of Zr, Cr, and other elements is not significant. Therefore, such impurities
are used to strengthen the oxygen-free copper, and high-strength, dispersion-
enhanced, oxygen-free copper is obtained. In addition, among impurities, the most
harmful element is oxygen. If a high level of oxygen is present in copper, hydrogen
embrittlement phenomena will occur, resulting in cracking or deformation of the
copper. Therefore, the oxygen content in oxygen-free copper must be less than
20 ppm, or even less than 5 ppm.

3.3.2 Refractory Metals Tungsten and Molybdenum
as Thermal Management Materials

Tungsten and molybdenum are VIB group elements in the periodic table. Their
important physical properties and mechanical properties at room temperature are
shown in Table 3.5.

As can be seen from Table 3.5, tungsten and molybdenum have high melting
points, high elastic moduli, high-temperature strength, and high density. Tungsten
has the highest density in metals, followed by molybdenum. The CTEs of tungsten
and molybdenum are relatively small. They match well those of Kovar, ceramics,
and Si chips. In addition, their thermal conductivities are very high. They are used
as the base of power electronic components and in many middle- and high-power
density metal packages. Figure 3.2 shows components made by a molybdenum
material used in power electronics. But the processing capability and solderability
of tungsten and molybdenum are poor. They are more expensive and not suitable for
large quantity use. In addition, tungsten and molybdenum have recrystallization
brittleness and their BDTT temperatures are relatively high.

Tungsten is very stable in a dry environment at room temperature, but it will
slowly oxidize in moist air. At 400°C, tungsten oxidize in a minor way producing
blue oxide (WO, ). When the temperature exceeds 400°C, tungsten rapidly oxidizes
to brown tungsten oxide (WO,) or yellow tungsten oxide (WO,). Below 400°C
molybdenum oxidizes, generating a dense adhesive oxide film. But when the tem-
perature exceeds 725°C, the surface will be catastrophically oxidized and the
yellowish molybdenum oxide will sublimate. Tungsten and molybdenum are both
high-melting-point metals and can be prepared by a powder metallurgy method and
a melting method. But the electron beam melting method is expensive, and these
two metals are generally prepared by a powder method. Specific processes are as
follows (Figs. 3.3 and 3.4).
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Table 3.5 Physical and mechanical properties of tungsten and molybdenum at room temperature

Property Mo w
Crystal structure b.c.c b.c.c
Density(g/cm?) 10.2 19.3
Melting point/°C 2,620+20 3,380+20
Boiling point/°C 4,804 5,930
CTE/10° K™! 53 4.6
CTEt (20°C)/(W/mK) 140 170
Recrystalline point/°C(1 h annealing) 800 1,150
Modulus/GPa 320-360 390-410
Poisson ratio 0.3 0.3
Vickers hardness

Recrystalline (minimum) 150 350
Process state (maximum) 500 650
BDTT/°C =20 +400
Electronic work function/eV 4.55 4.2

Fig. 3.2 Molybdenum materials used for power semiconductor devices

APT | —»|cCalcination | —»| wo; | — | W | &
Powder
Forming | — | Sintering | —> Machining

Fig. 3.3 Preparation diagram of tungsten
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AHM | —»| Calcination Moo, | —s| Mo
Powder

— | Sintering | —> Machining

Fig. 3.4 Preparation diagram of molybdenum

Fig. 3.5 Kovar metal
package

3.3.3 Kovar Alloy

Kovar, a low expansion alloy, has the chemical formula Fe-29Ni-17Co. It is composed
of 29% nickel and 17% cobalt. Its CTE is close to those of Si, GaAs, AIZOS, BeO,
and AIN. It has good weldability and workability. In a range of 20 ~450°C, it can be
sealed with hard borosilicate glass and 95% Al O, ceramic. It is widely used in low-
power-density metal packages, as shown in Fig. 3.5, a Kovar metal shell. However,
due to its low thermal conductivity, high resistivity, and high density, its applica-
tions are greatly limited.

Kovar’s physical properties are shown in Table 3.6.

Kovar alloy must have a single-phase y solid solution microstructure and no
trace of martensitic when cooled to —70°C to prevent devices from bursting upon
volume expansion due to martensitic transformation expansion. At room tempera-
ture Kovar has a.+v phases at equilibrium, close to the single y-phase region; but at
the usual annealing cooling rate, due to a significant thermal hysteresis phenome-
non, a single y-phase structure can be obtained.

By adding cobalt to Invar alloy (Fe-Ni), the Curie point is improved and a low
CTE is maintained over a wide temperature range. Kovar alloy has a low coefficient
of thermal expansion due to the “Invar” antiexpansion phenomenon. Below the
Curie point, volume expansion and contraction result from a magnetostrictive effect.
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Table 3.6 Physical Property Kovar

properties of Kovar alloy Hardnoss HB 140-160
Density/(g.cm™) 8.3
Yield strength/MPa 343
Tensile strength/MPa 500-618
Elongation 6/% 35-37
TC/(W/mK) 18
CTE (20-300°C)/107° K~! 4.7-5.5
(20-400°C)/10° K™ 4.6-5.2
(20-500°C)/10° K~ 5.9-6.4
Bulk resistivity 20°C/(uQ.cm) 49
Magnetoconductivity 800

—»‘ Hot Rolling }—»‘ Annealing H Cold working }—»
‘ Final Rolling }—»‘ Final Annealing ’

Fig. 3.6 Kovar preparation flow chart

But when the temperature exceeds the Curie point, the “Invar effect” disappears,
and the CTE of Kovar increases significantly.
A Kovar alloy preparation flow chart is shown in Fig. 3.6.

3.3.4 #10 Steel

Thermal steel has a conductivity of 49.8 W/mK and a CTE of 12.6x 1075 K-'. Its
CTE is three times that of Kovar alloy. Its CTE does not match that of Kovar. The
#10 steel cannot be sealed by a matching glass seal; it must be sealed by a compres-
sion seal. The seal is achieved by the cooling contraction of the steel that is greater
than the glass shrinkage because the compressive strength of glass is much greater
than the tensile strength of glass.

The physical properties of #10 steel are shown in Table 3.7.
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Table 3{-7 Physical Property #10 Steel
properties of #10 steel % 0.07-0.14
Density/(g.cm™) 7.8
Yield strength/MPa 205
Tensile strength/MPa 335
Elongation /% 31
TC/(W/mK) 48.6
CTE (20-300°C)/107¢ K" 12.6
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Chapter 4
Development of Advanced Thermal
Management Materials

Abstract In this chapter, we will present the development of advanced thermal
management materials. First, we will introduce one popular classification of ther-
mal management materials. Next, we will present thermal management materials
with an Al-Cu matrix and particle-enhanced materials such as W, Mo, SiC, AIN,
BeO, Si, and others with a low coefficient of expansion. The materials covered
include W-Cu, Mo-Cu, AISiC, Cu/SiC, Cu/Si, and negative thermal expansion
materials. In the following section, we will introduce fiber-reinforced thermal man-
agement materials such as boron fibers, carbon fibers, AlZO3 fibers, and SiC fibers.
The development of a Cu—C, composite and aluminum graphite materials is pre-
sented. Finally, copper/molybdenum/copper (CMC), copper/molybdenum—copper/
copper (CPC), and Cu/Invar/Cu (CIC) materials are introduced.

4.1 Introduction

Dr. Carl Zweben, Advanced Thermal Materials Consultant from Devon, PA, one of
the most well-known experts in the field, summarized the latest development in heat
sink materials in Power Electronics Technology. He classified the thermal manage-
ment materials into three generations. First-generation thermal management materi-
als include copper, aluminum, glass fiber-reinforced polymer, copper/tungsten
(Cu/W), copper/molybdenum (Cu/Mo), copper-Invar-copper (Cu/I/Cu), and copper-
molybdenum-copper (Cu/Mo/Cu) and (Cu/Cu-Mo/Cu). Their properties are listed in
Table 4.1. Tables 4.2 and 4.3 present the properties of several dozen selected second-
generation and third-generation high-performance materials, respectively. Table 4.3
includes diamond made by chemical vapor deposition (CVD) for reference. For
anisotropic materials, inplane isotropic and through-thickness thermal conductivity
(k) values are presented. The absolute and specific thermal conductivities of the
advanced materials in Table 4.2, and especially in Table 4.3, are significantly higher
than those of the traditional materials in Table 4.1. One of the second-generation

G. Jiang et al., Advanced Thermal Management Materials, 45
DOI 10.1007/978-1-4614-1963-1_4, © Springer Science+Business Media New York 2013
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Fig. 4.1 Thermal conductivity as a function of CTE

thermal management materials, silicon carbide particle-reinforced aluminum,
commonly called Al/SiC in the packaging industry, is a metal-matrix composite
(MMC) that was first used in microelectronic and optoelectronic packaging by
Dr. Zweben and his colleagues at GE in the early 1980s.

Figure 4.1, which plots thermal conductivity as a function of CTE, compares
traditional and advanced thermal materials. Ideal materials have high thermal con-
ductivities and CTEs that match those of semiconductors and ceramics like Si,
GaAs, alumina, aluminum nitride, and low-temperature cofired ceramics (LTCCs).
As the figure shows, by combining matrices of metals, ceramics, and carbon with
thermally conductive reinforcements like special carbon fibers (abbreviated C), SiC
particles, and diamond particles, it is possible to create new materials with high
thermal conductivities and a wide range of CTEs.

Materials presented include monolithic metals, highly oriented pyrolytic
graphite (HOPG), and a number of composites. The composites include carbon-
fiber-reinforced carbon (C/C), carbon-fiber-reinforced epoxy (C/Ep), carbon-fiber-
reinforced copper (C/Cu), silicon-carbide-particle-reinforced copper (SiC/Cu), and
traditional Cu-W. HOPG, also called thermal pyrolytic graphite and annealed pyro-
lytic graphite by various manufacturers, and diamond-particle-reinforced metals
and ceramics have the highest thermal conductivities. Most recently, thermal pyro-
Iytic graphite, a unique form of pyrolytic graphite manufactured from the thermal
decomposition of hydrocarbon gas in a high-temperature chemical vapor deposition
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reactor, was developed by Dr. Xiang Liu’s team at Momentive Performance
Materials. Its in-plane thermal conductivity reached 1,500 W/mK, an out-of-plane
thermal conductivity of less than 20 W/mK, a density of 2.2 g/cm?, an in-plane CTE
of O-negative 1 ppm/°C, and an out-of-plane CTE of 25 ppm/°C.

4.2 Development of Advanced Thermal Management Materials

As the packing density of integrated circuits and the power of electronic devices
increase, the requirements for electronic packaging materials are becoming increas-
ingly stringent. As we saw in Chap. 3, traditional electronic packaging materials
such as Invar, Kovar, Al, Cu, W, Mo, etc. cannot meet the growing demands of the
packaging industry. Although Invar and Kovar have low CTEs and their CTEs can
match those of die materials, their thermal conductivities are too low and they can-
not satisfy the requirements of high-density packaging technology. Even though Al
and Cu have high thermal conductivities, their CTEs are too high and their CTEs
cannot match those of Si- and GaAs-based chips. When those packaging materials
are bonded with die materials that do not have matching CTEs, severe thermal
stresses result, leading to chip failure. W and Mo are rare and expensive materials,
and their processing performances are poor and production costs high. While their
CTE:s are low, they do not form good bonding with BeO or AL O, substrates due to
a CTE mismatch. Therefore, the need to develop packaging materials with com-
bined properties of low CTE, low density, high thermal conductivity, suitable
strength, and low production costs is well justified. In general, it is difficult to sat-
isfy the demanding packaging requirements with a single material; only a compos-
ite material can fulfill that role. The performances of composite materials can be
adjusted, taking full advantage of the benefits of a single material.

The development of new composite materials for thermal management is focused
on two types of composite materials: polymer-matrix composites and metal-matrix
composites. The most obvious advantage of polymer-matrix composites is their low
density. As was previously mentioned, epoxy resin is widely used mainly due to its
good adhesive properties, corrosion resistance, and electrical performance. However,
epoxy material is brittle and has low strength and poor thermal conductivity.
Researchers have tried various methods to modify properties of epoxy resins. One
way is to add a large amount of SiO, particles to the epoxy resin. If the appropriate
processing technology is applied with coupling agents, the volume fraction of SiO,
particles can greatly improve the heat resistance of epoxy resin, resulting in not only
an increase in heat resistance, but also a reduction in the material’s moisture absorp-
tion and low CTE. A low CTE is the primary consideration in selecting packaging
materials. As the thermal conductivity of polymers is generally poor and the den-
sity of electronic packaging is increasing, it is critically important to improve the
thermal conductivity of polymers, so that heat can be removed in a timely fashion.
To significantly improve the thermal conductivity of epoxy materials, simply relying
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on the thermal conductivity of the epoxy resin itself is not enough; other materials
with good thermal conductivity must be considered. The decision on which of these
materials to introduce must be based not only on whether or not the material’s ther-
mal conductivity and thermal expansion match, but also on their impact on the
environment and production costs. Boron nitride, aluminum nitride, and beryllium
oxide all have high thermal conductivities, but beryllium oxide is highly toxic.
Boron nitride can be added in limited amounts. The manufacturing costs of aluminum
nitride are high, and its performance is greatly affected by the production process.
Magnesium oxide and alumina have achieved large-scale industrial production.
They are nontoxic, inexpensive to produce, and have a low CTE. Nanomaterials can
be used as epoxy resin modifiers. There are many dangling bonds on the surface of
nanomaterials, and the odds that unpaired atoms will form a physical or chemical
bond are high. Therefore, the interfacial bonding between the particles and the
matrix is enhanced. The reinforced, toughened material can bear greater loads. The
overall performance of composite materials can be improved effectively by adding
a small volume fraction of inorganic particles dispersed in epoxy resin, and the
composite is made with very little volume fraction of inorganic particles. Therefore,
if the nanomaterial is used effectively in the epoxy matrix, then the polymer-matrix
composite could have high strength, high toughness, and high heat resistance.

MMCs have long been the subject of study, and there exists a complete theoreti-
cal description of this class of composite materials. MMCs have good overall prop-
erties in terms of thermal conductivity, electromagnetic shielding, and production
cost. In addition, they are widely used. It is generally agreed that MMCs represent
one of the most important directions for the future development of thermal manage-
ment materials. MMCs have a high thermal conductivity, high electrical conductivity,
and low CTE. This book focuses on MMCs. Depending on the matrix base, MMCs
can be classified mainly into Cu-based and Al-based composites. Depending on the
composite structure, they can be classified into particle-reinforced, fiber-reinforced,
and “sandwich”-reinforced structures.

4.3 Particle-enhanced Thermal Management Materials

The particles used for the enhancement of thermal management materials are
W, Mo, SiC, AIN, BeO, Si, and others with low CTEs. Matrices are mainly com-
posed of Al and Cu. What distinguishes particle-enhanced thermal management
materials from conventional particle-reinforced composites is that for conventional
composites, the volume fraction of reinforcement is very small, whereas for particle-
enhanced thermal management materials, the volume fraction of reinforcement is
very large. To lower the CTE of composite materials to form good CTE matches
with Si, GaAs, and other die materials, a large volume of low-CTE particles is incor-
porated because Al and Cu have large CTEs. For example, in a W—Cu composite, the
tungsten content is more than 80%; in Al-SiC composites, the SiC content is in the
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Fig. 4.2 Typical W-Cu heat sinks

range of 55-70 vol.%. Their CTE is in the range of 6.0-7.3 x 10~° K, their thermal
conductivity is in the range of 170-220 W/mK. We will introduce the most com-
monly used MMC:s in this chapter.

4.3.1 W-Cu Thermal Management Material

Tungsten has a very high melting point, high density, and low CTE. Copper is a
good electrical and thermal conductor. The combination of both tungsten and cop-
per (i.e., copper—tungsten composite) enjoys the low CTE of tungsten and high
thermal conductivity of copper. At the same time, the CTE and electrical conductiv-
ity can be adjusted by varying the copper-to-tungsten ratio. Copper tungsten is
widely used as electrodes and as heat sinks for microelectronics packaging.
Figure 4.2 shows some typical W-Cu heat sinks.

Copper tungsten’s CTE can be designed to match the CTE from ceramics, semi-
conductor chips, and other metals. For microelectronics packaging applications,
W-Cu has some unique requirements for CTE, thermal conductivity, and hermetic-
ity. Consequently, the manufacturing process has some unique challenges:

1. Meeting CTE, thermal conductivity, and hermeticity specifications;
2. Meeting all dimensional requirements;
3. Meeting surface finish requirements (like Ni or Au plating).

There are many grades of W-Cu materials currently being used as heat sinks.
Their typical technical properties are shown in Table 4.4.
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Table 4.4 Typical properties of heat sink grade W-Cu (Courtesy Torrey Hills Technologies)

Property
Young’s Hardness
Name Density (g/cm®)  CTE (10°K™")  TC (W/mK)  modulus (GPa) (HV10)
W90Cu 17.0 6.5 190-200 330 300
W88Cu 16.9 6.8 190-200 320 290
W85Cu 16.3 7.0 200-210 310 280
W80Cu 15.6 8.0 210-220 280 260

Table 4.5 Typical properties of heat sink grade Mo-Cu (Courtesy Torrey Hills Technologies)

Physical property Mo50Cu50 Mo60Cu40 Mo70Cu30 Mo80Cu20 Mo85Culs
Composition (wt%) 50% Mo 60% Mo 70% Mo 80% Mo 85% Mo
Cu: balance Cu: balance Cu: balance Cu: balance Cu: balance
Density at 20°C (g/em®) 9.5 9.6 9.7 9.9 10.0
CTE at 20°C (ppm/K) 9.9 9.5 7.5 7.2 6.8
Thermal conductivity 250 215 195 175 165
(W/mK)
Specific heat at 100°C 323 310 301 - 275
(/kgK)
Specific electrical 0.028 - 0.37 - -
resistance at 20°C
(- Im)
Young’s modulus at 172 - 225 21 248
20°C (GPa)
Flexural strength (MPa) - 1,103 1,138
Vicker’s hardness 150 - 170 - -
(HV 10)

4.3.2 Mo-Cu Thermal Management Material

The Mo—Cu composite shows combinational properties such as having high electrical
and thermal conductivities and low CTE, being nonmagnetic, having good high-
temperature performance, and many other advantages. They have a bright future in
the field of electronic packaging applications. Compared with traditional packaging
materials, they have a high thermal conductivity and their CTEs are closely matched
to those of die materials. Their CTEs can be adjusted, which is a strong advantage;
compared with AISiC composite materials, various methods of mechanical cutting
processing can be performed. Compared with W-Cu materials, molybdenum in
Mo-Cu has a relatively low density; the use of Mo-Cu can reduce the weight of
packaging materials. Because of this unique advantage, Mo-Cu is a preferred choice
in aerospace, instrumentation, and portable equipment industries.

There are many grades of Mo-Cu materials currently being used as heat sinks.
Their typical technical properties are shown in Table 4.5.
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Table 4.6 Density of W-Cu and Mo-Cu (Courtesy Torrey Hills Technologies)

Mo-Cu Mo-15Cu Mo-20Cu Mo-30Cu Mo-40Cu Mo-50Cu
p(g/em?) 10.0 9.9 9.8 9.66 9.54
W-Cu W-10Cu W-15Cu W-20Cu W-30Cu W-40Cu
p(g/cm?) 17.3 16.42 15.66 14.31 13.17

4.3.3 Comparison Between Mo-Cu and W-Cu Packaging
Materials

A Mo-Cu composite material was developed in the 1960s. It exhibits good electrical
conductivity, good thermal conductivity, good corrosion resistance, good machin-
ability, and adjustable CTE. It is widely used as a heat sink in the microelectronics
packaging, vacuum electrical contactors, aerospace, and mining industries.

4.3.3.1 Density

Like tungsten, molybdenum is a refractory metal with a very high melting point.
At the same time, it has a low CTE and high thermal conductivity, making it a good
material for heat sinks. Among heat sink materials its CTE is one of the closest to
that of silicon. In addition, molybdenum is widely used as a carrier (tabs) for die
attachments. Since the density of Mo is much lower than that of tungsten, it is
desired in many weight-sensitive applications like aerospace and portable electron-
ics. In addition, the Mo-Cu composite is easier to machine.

Table 4.6 shows the density comparison between W-Cu and Mo-Cu.

As shown in Table 4.6, with the same copper content, Mo-Cu is about 50-75%
lighter than W-Cu. Once again this property is desirable in weight-sensitive
applications.

4.3.3.2 Coefficient of Thermal Expansion

The CTE changes with the temperature. Figure 4.3 shows a CTE comparison among
95% alumina, W-15Cu, and W-15Mo. In a range of 100-800°C, the CTE of
Mo-15Cu matches that of 95% alumina very well (and is better than that of W-15Cu).
This translates to reduced interface residual stress and improved component
reliability.

4.3.3.3 Specific Heat
Specific heat (Cp) is another important property for heat sink materials. A high Cp

is desirable since a heat sink material with a higher Cp can absorb more heat itself
and reacts better with the peak and valley of the waste heat. Since Cp is not sensitive
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Fig. 4.3 CTE comparison of
W-15Cu and Mo-15Cu
(Courtesy Torrey Hills
Technologies)

Fig. 4.4 Specific heat
comparison between W-Cu
and Mo-Cu (Courtesy Torrey
Hills Technologies)

to microstructures, W-Cu’s and Mo-Cu’s Cp in a temperature range of 100-700°C
was estimated using the theory of combination and is summarized in Fig. 4.4. When
the heat sink mass and area are fixed, Mo-Cu’s higher Cp gives it better heat
dissipation.

4.3.3.4 Copper Wettability

Figure 4.5 shows the wetting angles 6 of molten copper on tungsten and molybde-
num plates. Overall, molten copper wets tungsten better than molybdenum. Like
tungsten, molybdenum does not alloy with copper easily. To sinter Mo and Cu,
some sintering aids like Ni, Co, Fe, and Pd can be used. Among these sintering aids,
Ni works the best; it helps lower copper’s wetting angles on molybdenum and
promotes densification.
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Fig. 4.5 W-Cu and Mo-Cu 30 W-C
wetting angles (Courtesy f :z: M-o-uC
Torrey Hills Technologies) u
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4.3.4 AlSiC and AlSi Thermal Management Materials

An MMC is a composite material with at least two constituent parts, one being a
metal. The other material may be a different metal or another material such as a
ceramic. MMCs are made by dispersing a reinforcing material into a metal matrix.
For microelectronics packaging applications, we are interested in particle-reinforced
MMC materials. They normally use SiC, AIN, BeO, A1203, and Si, low-CTE parti-
cles to disperse in a metal matrix like aluminum.

Aluminum and aluminum alloys like aluminum-silicon (eutectic, hypo, and hyper),
aluminum-copper, aluminum-silicon-copper, aluminum-magnesium, aluminum-silicon-
magnesium, aluminum-silicon, and magnesium-copper form the base materials for
composites. They are available in the open market covered by IS, BS, and ASTM
specifications. Properties of the composite can be made to suit the required
specifications by the proper selection of the base alloy and the percentage of graph-
ite to be added to sink materials.

For packaging heat sink materials, only AlSiC, Al-Si, and Al-graphite are used
commercially and will be discussed in detail here.

4.3.4.1 AISiC Thermal Management Materials

AlSiC is an MMC composed of silicon carbide particles and an aluminum alloy. As
shown in the grayscale micrograph in Fig. 4.6, the silicon carbide particles (dark
gray) are surrounded by a continuous aluminum matrix (off-white). Typically,
AlSiC composites are isotropic and do not have an aluminum skin, which can often
result in nonisotropic behavior, i.e., bimetallic deformation.

There are three main challenges to fabricating AlSiC materials.

1. Aluminum does not wet SiC
Molten aluminum does not wet SiC. During the manufacturing process, it is very
important to modify the surface of SiC to make sure the AlSiC interface forms a
strong bond.
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Fig. 4.6 SEM micrographs
of AlSiC (Courtesy Thermal
Transfer Composites, used
with permission)

2. AISiC is hard to machine
SiC is a very hard material and is often used as a grinding medium. Machining
AISiC to various heat sink shapes is very hard. EDM, waterjet, and diamond
grinding are commonly used.

3. Plating
Since SiC is not electrically conductive, it is not possible to use a conventional
electrical plating method to deposit any Ni or Au plating. AISiC material is typi-
cally electrolessly plated first. The adhesion layer between SiC and the metal is
critical to prevent any separation (like delamination and blisters). The AISiC
composite will be covered in detail in a subsequent chapter.

4.3.4.2 Aluminum Silicon Thermal Management Materials

Hypereutectic aluminum silicon alloys containing from approximately 16 to 19%
by weight of silicon possess good wear-resistant properties achieved by precipitated
primary silicon crystals. The conventional aluminum silicon alloy usually contains
a substantial amount of copper, generally in the range of 4.0-5.0%. Because of the
high proportion of copper, the alloy has a relatively wide solidification temperature
range in the neighborhood of about 136-167°C, which severely detracts from the
castability of the alloy. The copper also reduces the corrosion resistance of the alloy
in saltwater environments and thus prevents its use for marine engines.

Hypereutectic aluminum silicon alloys have been deemed significant for use by
the casting industry as well as the automotive industry. This principally results from
the potential that such alloys hold for providing good wear resistance along with the
conventional advantages derived from aluminum castings. Furthermore, it is well
recognized that the casting characteristics of hypereutectic alloys are very good.

A leader in developing AlSi materials is Sandvik Materials Technology (Fig. 4.7).
Table 4.7 lists the properties of typical AlSi materials.
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Fig. 4.7 Typical AlSi parts. (a) AlSi transmit-receive module. (b) Housing for radar circuitry.
(¢) Hybrid electronics packages. (d) Power amplifier housing (Photos courtesy Sandvik Materials
Technology)

Table 4.7 Properties of typical AlSi materials

Composition Al-27%Si  Al-42%Si  Al-50%Si  Al-60%Si  Al-70%Si
CTE at 25°C (ppm/K) 153 12.2 11.4 9.1 7.2
Thermal conductivity (W/mK)  177.4 160 149 129.4 120
Specific heat (J/gK) 0.85 0.82 0.79 0.78 0.78
Young’s modulus (GPa) 91.8 101.9 121.4 123.5 129.2
Density (g/cm?) 2.6 2.55 2.51 2.46 2.42

4.3.5 Cu/SiC and Cu/Si Thermal Management Materials

Just as SiC and Si form composites with Al, so SiC, SiC, and Si form composites
with Cu. Because the thermal conductivity of Cu is better than that of Al, in theory,
the thermal conductivities of SiC/Cu and Si/Cu should be better than those of AISiC
and AlSi, with a slight increase in density. In the following sections, we will intro-
duce SiC/Cu and Si/Cu.
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Fig. 4.8 Effect of SiC
content on CTE and thermal
conductivity of Cu/SiC

4.3.5.1 SiC/Cu Thermal Management Materials

The thermophysical properties of SiC/Cu thermal management materials are
affected by the SiC fraction, particle size, shape, and other factors (Fig. 4.8). With
the increase of SiC content, the thermal conductivity of Cu/SiC decreases
significantly, resulting in a reduced CTE. According to a study by Zhu and others,
in an SiC particle size range of 10-20 pum, the Cu/SiC CTE is not very different.
However, if the SiC particle size exceeds 63 pm, then the CTE will be higher than
that of the former two. The CTE increases significantly when the temperature
increases. The effect of SiC particle size on Cu/SiC thermal conductivity is very
weak. SiC in Cu/SiC packaging materials mainly takes on the form of SiC particles,
fiber, and 3D interpenetrating network type. The thermal conductivity of particulate
Cu/SiC falls in a range of 250-325 W/(m°C) and the thermal expansion coefficient
in a range of (8.0-12.5)x 107%/°C. Schubert produced particle-type Cu/SiC packag-
ing materials with thermal conductivities [W/(m°C)] of 222 and 288 and with cor-
responding CTEs of 14.5, 10.6, and 11.2 (x107%/°C). Yih et al. prepared fiber-type
Cu/SiC packaging materials with an SiC fiber content of 30% (volume fraction), a
thermal conductivity of 190 W/(m°C), and a CTE of 12x10-%/°C. Xing studied a
3D2SiC netlinking system with diffused Cu phase and prepared a composite pack-
aging material with a high fraction of Cu phase and a low fraction of SiC phase.

4.3.5.2 Cu/Si Thermal Management Materials

Cu/Si not only has the many advantages of Cu/SiC; it also has easy machinability,
so the Cu/Si has a greater advantage. However, Cu/Si packaging materials progress
slowly and few results are available mainly due to the appearance of Cu,Si and the
processing of Cu/Si packaging materials.

According to the rule of mixture (ROM), under ideal conditions, the thermal
conductivity and CTE of Cu/Si material should vary with the Si content (Fig. 4.9).
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Fig. 4.9 Effect of Si content
on CTE and thermal
conductivity of Cu/Si
according to ROM

Table 4.8 Properties of Cu/Si composite materials

Si content (%) 50 60 70 80
CT (W/mK) 47 35 14 10
CTE (x10° K™) 15.2 14.0 10.1 8.5

When the CTE is less than 10x107%/°C, the thermal conductivity of Cu/Si is
greater than 250 W/(m°C), and this correlation can be used to design the thermal
conductivity and CTE of Cu/Si packaging materials. Lee and others prepared Cu/Si
packaging materials using a hot-pressing method at 500°C, 400 Mpa, and a holding
time of 10 min. Their properties are listed in Table 4.8.

The actual properties of Cu/Si composites are relatively poor, much lower than
the Cu/Si theoretical values, mainly because of the interaction of copper with sili-
con, leading to the loss of high thermal conductivity of the copper phase. The diffu-
sion rate of Cu in Si is fast; a solid solution of copper in silicon takes the form of
Cu,Si. At the same time, many Cu,Si compounds have been developed. According
to the Cu,Si binary phase diagram, at 200°C, Cu,Si can be generated. Copper silicon
compounds include Cu,Si, Cu,Si, and so on. As in the case of Cu/SiC, a diffusion
barrier layer can be employed to prevent a Cu/Si interface reaction.

4.3.6 Negative Thermal Expansion Materials, Thermal
Management Materials

This type of thermal management material has a low CTE, which is negative. When
it is incorporated into composite materials, a large volume fraction of high thermal
conductivity material such as Cu or Al can be added; in this way the thermal
performance of thermal management materials can be significantly improved. The
CTEs of composite materials made with low volume fraction of negative thermal
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expansion materials could be used to match those of Si and GaAs, and their CT loss
is low. Commonly used negative thermal expansion materials include ZrW,0,,
Zr (WO ))(PO,),, ZrV 0., other compounds, and shape-memory alloys like TiNi. At
room temperature and atmospheric pressure, there are two ZrW,0, cubic phases.
When the temperature is below 423 K, it takes on the a-ZrW208 phase; when the
temperature exceeds 423 K, it takes on the B-ZrW O, phase. Under high pressure, it
takes on the y-ZrW,0O, orthorhombic phase. The CTEs of three phases are all nega-
tive but vary in their values (8.7, —4.9, —1.0) (x10°%/°C) for a, B, and y phases. For
Cu/60% (volume fraction) a-ZrW,0O,, it is estimated that the calculated CTE value
is in the range of (1.1-4.5)x 10~%/°C. In one experiment, Cu/75% (volume fraction)
ZrW 0, composite material was prepared. The ZrW,O, powder surfaces were pre-
copper plated, and then the powder was prepared using a hot isostatic pressing
method (100 MPa, 500°C/3 h). The measured CTE fell in the range of (4-5) x 10-¢/°C.
It was estimated that the CTE of TiNi alloy in the range of 25-100°C was
—21x107/°C. The prepared Cu/TiNi composite had a CTE value of 4 x 10-¢/°C.

When the negative thermal expansion materials are processed, interfacial
reactions and diffusions take place, resulting in a failure to obtain the desired
negative thermal expansion material. Verdon et al. prepared Cu/33% (volume
fraction) ZrW,0, composite material preforms using a Cu/ZrW,0, powder mix-
ture under pressure at 300 MPa and then hot-pressed at 103 MPa, 600°C, for 3 h.
However, ZrW,0, was decomposed into WO, and other compounds. In addition,
at room temperature there is a big difference in CTE values between ZrW,0, and
Cu. Therefore, when the composite is cooled to room temperature from the sin-
tering temperature, very large residual stress is produced due to the CTE mis-
match. As a result, the production cost of Cu/ZrW,0, negative thermal expansion
materials is high.

4.4 Fiber-reinforced Thermal Management Materials

This type of thermal management material still uses highthermal-conductivity Cu
and Al as its base; low-thermal-expansion materials such as boron fibers, A1203
fibers, SiC fibers, and carbon fiber as reinforcements. The most widely used are the
carbon fibers, and it is now possible to obtain high-thermal-conductivity electronic
packaging materials. Composite materials with small CTEs and high thermal con-
ductivity have been prepared using C/Al, C/u, SiC/Al. The thermal conductivity of
some C/Cu composites reaches 400 W/mK. However, the bond strength between
carbon fibers and a matrix is weak; C/Al composites undergo serious intergranular
corrosion and interfacial reactions. In addition, carbon fibers have large anisotropy.
To avoid anisotropy of composite materials, it is necessary to make the carbon
fibers into mesh, spiral, and skew mesh forms. Thus, the manufacturing process is
rather difficult and costly and makes it difficult to realize large-scale mass produc-
tion. Such materials are used only in military, aerospace, and other important
applications.
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4.4.1 Introduction to Reinforced Fibers

4.4.1.1 Boron Fiber

Boron fiber was first used for high-performance reinforced fiber composite materials.
It exhibits high elastic modulus, good wettability between fiber and metal base, and
little reactivity between fiber and metal base. In addition, the fiber diameter is large.
Generally, boron on heated tungsten is deposited by CVD in a hydrogen atmosphere.
The boron fiber composite material breaks easily in the longitudinal direction because
of its larger diameter, and the manufacturing cost is very high. Boron fiber is used
almost exclusively in the United States in military aircraft and aerospace industries,
and in Japan it is used only for sports and recreation equipment.

4.4.1.2 Carbon Fiber

Carbon fiber with a carbon content of more than 90% is obtained from sintering an
organic fiber. Carbon fiber exhibits unique properties such as its light weight, high
strength, good lubrication, and wear resistance. It costs approximately one-tenth the
price of boron fibers. Preparation steps of carbon fiber include polyacrylonitrile
(PAN) processing, thermosetting, carbonizing, graphitizing, etc. Commonly used
carbon fibers include PAN fiber, asphalt fiber, and synthesized silk. PAN fiber is
used in highly demanding aerospace applications. The less expansive asphalt fiber
is finding application in automotive, machinery, electronics, and other areas.

4.4.1.3 Silicon Carbide Fiber

Silicon carbide fiber exhibits a high tensile strength and elastic modulus, good high-
temperature strength and heat resistance, and excellent wetting between the metal
and the fiber diameter. It is entirely possible to meet the requirements of 2,000°C
heat resistance. There are mainly two methods to prepare silicon carbide fibers.
Silicon carbide is deposited by CVD on the surface of a tungsten or carbon fiber;
using silicone compound as the raw material, a continuous silicon carbide fiber can
be obtained after heat treatment and sintering. Using ultrafine powder, binder, sin-
tering additives, boron-doped silicon carbide fiber, and SiC (N) fiber can be pre-
pared. Silicon carbide fiber can be used in heat-resistant materials and various types
of reinforced fiber.

4.4.1.4 Alumina Fiber

Alumina fiber generally refers to continuous a-Al O, or y-Al O, fiber containing
Al O, as the main component and other materials such as SiO, and B,0,. Compared
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with carbon fiber, alumina fiber’s mechanical strength is slightly lower, but it has
excellent high-temperature mechanical properties and corrosion resistance, excel-
lent electrical insulation, and high-temperature stability. Alumina fibers are pre-
pared by a slurry method and a sol-gel method. In the slurry method, a-AlO,
particles of less than 0. 5 pm are made into a liquid paste mixture with adhesive, and
then the yarn is made by spinning the viscous liquid paste. Next, the yarn is subject
to high-temperature sintering above 1,300°C, and the continuous alumina fiber is
made. In the sol-gel method, alumina yarn is prepared by spinning viscous liquid
made with alumina sol, silica sol, and boric acid, and the yarn is then sintered above
1,000°C, and the continuous y-Al O, fiber is made. Alumina-fiber-reinforced aluminum-
matrix composites are prepared in a pressure infiltration device composed of a vac-
uum chamber, furnace, pressure tank, graphite mold, and graphite piston. A preform
made from loose alumina continuous fiber (as an enhanced agent) is put into a mold.
Then the matrix alloy melt is infiltrated into preforms at a temperature of 1,073 K
and a pressure of 14 MPa. The molded part is cooled from bottom to top along the
direction of fiber solidification at a speed of 50 pm/s. The part is made into a 40-mm-
long ingot at 2 to 3 Pa vacuum. The volume fraction of the fiber is about 50%. Using
this pressure infiltration technique, Al-Si and Al-Cu composites are made. The anti-
wear performance is analyzed by the solidification microstructure of the composite
material. The results demonstrate that (1) the wear resistance of alumina-fiber-
reinforced composites is enhanced by two to ten times compared with the unen-
forced material, but there are alumina fiber fractures and slips along the worn
surfaces; (2) a hard silicon particle dispersion enhanced Al-27% (mass) Si hypere-
utectic alloy-matrix composite demonstrates higher abrasion resistance than an
Al-7% (mass) Si alloy matrix because the hard phase may be connected with alu-
mina fiber to prevent breaking of continuous alumina fiber due to surface wear; and
(3) Al-Cu-based and Al-Si-based alloy-matrix failure hardening can effectively
improve abrasion resistance. The hardness improvement of an a-phase matrix alloy
can also improve abrasion resistance.

Cu/C, Composite

Carbon fibers have a high longitudinal thermal conductivity (1,000 W/mK) and a
small CTE (-1.6x107/°C), and thus Cu/C, packaging material has excellent ther-
mal physical properties. Its thermal conductivity is influenced by the carbon-fiber
content and is anisotropic. For composites with 40% carbon fiber content, the lon-
gitudinal thermal conductivity falls in a range of 230-220 W/mK, the transverse
thermal conductivity in a range of 110-120 W/mK; and for composites with 60%
carbon fiber content, the longitudinal thermal conductivity falls in a range of 160-
150 W/mK, and the transverse thermal conductivity falls in the range of 40-45 W/
mK. The vertical and horizontal thermal conductivities of Cu/C fiber packaging
vary widely. On the other hand, the CTEs are also very different in the vertical
and horizontal directions. For Cu/60% (volume fraction) carbon fibers, for example,
the longitudinal CTE is 4.0x 10-%/°C, while the horizontal CTE is 15.5x 10-%/°C.
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Liu et al. prepared Cu/C short-fiber packaging materials exhibiting isotropic physical
properties by powder metallurgy. With carbon fiber content of 13.8%, 17.9%, 23.2%
(volume fraction), the corresponding thermal conductivities (W/mK) achieved were
248.5, 193.2, and 157.4; the CTEs (x10-%/°C) were 13.9, 12.0, and 10.8, respec-
tively. In addition, using a porous 3D carbon fiber network preform and an argon-
gas-assisted pressure infiltration method, isotropic Cu/C fiber packaging materials
were prepared. For composites with Cu/72% (volume fraction) carbon, the CTE
reached (4-6.5)x 107/°C and the thermal conductivity reached more than 260 W/mK.
Because the wettability of Cu and C is poor and the solid and liquid solubilities are
small, they do not react and do not form carbides. Therefore, Cu/C interface connec-
tions are mainly based on mechanical bondings. Because there are no chemical
reactions and no diffusion, the interfacial bonding is weak and the horizontal shear
strength reaches only 30 MPa. Therefore, to obtain good Cu/C fiber packaging
materials, the top priority is to solve the solubility problem between the two compo-
nents. In addition, carbon fibers are expensive. For example, PITCH2120 carbon
fiber has a thermal conductivity of two times that of Cu, but it costs approximately
$2,000/kg. In addition, Cu/C fiber packaging materials have thermal expansion lag-
ging issues.

Aluminum Graphite Materials

Conventional low-CTE materials like CuW, CuMo, AlSiC, Mo, and Kovar have
reached physical and economic limitations and can no longer offer breakthroughs in
cost and performance. Thus, innovative material solutions are sought to keep pace
with emerging electronic cooling requirements. As a result, advancements in graph-
ite fiber technology is spawning new ways to design and manufacture enhanced
cooling solutions for electronics—especially airborne or handheld applications
where low mass is critical.

A leader in developing aluminum graphite materials is Metal Matrix Cast
Composites in Waltham, MA.

Aluminum and its alloys are extensively used in a large number of industrial
applications due to their excellent combination of properties, e.g., high strength-to-
weight ratio, good corrosion resistance, better thermal conductivity, and high
deformability. Because of their high strength-to-weight ratio, automobile and air-
craft components are generally manufactured out of aluminum alloys to make mov-
ing vehicles lighter, which results in savings in fuel consumption. However, the use
of aluminum alloys as an antifriction material has been limited because of unfavor-
able wear. They tend to seize up when running under boundary lubrication condi-
tions. To circumvent this limitation, i.e., to improve wear resistance, it has been
proposed to disperse graphite particles in aluminum matrices. This will not only
increase wear resistance, but it will also ameliorate the damping capacity and
machinability of the base alloy.

Graphite is well known as a solid lubricant, and its presence in aluminum-alloy
matrices makes the alloys self-lubricating. The reason for the excellent tribological
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properties of graphitic aluminum is that aluminum-alloy matrices yield at low
stresses and deform extensively, which enhances the deformation and fragmentation
of the surface and subsurface graphite particles even after a short running-in period.
This provides a continuous film of graphite on the mating surfaces, which prevents
metal-to-metal contact and, hence, seizing up. However, the basic problem associ-
ated with the production of aluminum-graphite composites is that the graphite par-
ticles are not wetted by the aluminum melt. Hence, for the successful entry of the
graphite particles into the aluminum melt, either wettability should be induced or
sufficient energy must be supplied to allow these particles to overcome the energy
barrier at the gas—liquid interface.

Initial efforts confirmed that graphite particles could not be readily introduced
into molten aluminum either by manual plunging or by injection below the bath
surface. However, after a series of experiments and constant efforts, the conditions
for wetting between graphite particles and aluminum melt have been evolved. The
ultimate aim of the present investigation was to induce wetting between graphite
particles and aluminum alloy melt using simple liquid metal technology and to
develop potential components for automobile and engineering applications.

Dispersion of graphite particles in aluminum melt can be achieved only when the
particles are wetted by molten aluminum. If the particles are not wetted, they remain
floating on the top surface of the molten metal, maintaining a separate identity.
Initial attempts at producing aluminum-graphite composites were restricted to the
use of coated graphite particles either by nickel or by copper. Coating on graphite
particles increases the surface energy and hence reduces the energy for complete
immersion of a single graphite particle into the melt. This renders the process cost-
lier and cumbersome and also limits the amount of heat. However, the process has
successfully dispersed uncoated graphite particles in aluminum matrices. It has
been up-scaled to the level of commercial heats, and castings of intricate shapes
have been successfully made on a quality and quantity basis. Additionally, the
inclined and off-center stirrer that was advocated in the initial experiments has been
replaced by a vertical centrally located stirrer. This adds to the advantages of using
a standard graphite crucible.

The aluminum-graphite composite melt has been successfully cast using shell
molding, gravity, and pressure die casting techniques. In die casting, solidification is
reasonably rapid and multidirectional, and there is limited time for undesirable floating
of the graphite particles due to lower density as compared to the aluminum melt.

High-performance graphite fibers with axial conductivities of two to three times
that of copper are being used to reinforce Al, Cu, and Mg alloys to enhance thermal
conductivity and to restrict the CTE to specified values. In continuous spool form,
high-modulus, pitch-based graphite fibers are expensive—on the order of $1,200/
Ib—and require weaving to produce a functional preform architecture that could be
metal or resin infiltrated that would result in the desired properties. In woven form,
the geometry and overall design capability of components is limited—mainly to
niche-based, high-value-added applications.

The aluminum alloys typically used are clean modified in the crucible versions
of A356 (7%Si and higher), depending on the application. In all alloy systems, the
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Fig. 4.10 SEM microstructure of milled graphite-fiber-reinforced aluminum (a) Section polished
parallel to device mounting surface (in-plane or “x-y” section). (b) Section polished normal to

«,

device mounting surface (through-plane), or “z” section (Pictures courtesy Metal Matrix Cast
Composites, used with permission)

highest conductivity values are measured from pure metals. Si is the principal
precipitant in A356-type alloys and has a low solubility in Al at operating tempera-
tures. Fortunately, Si has almost as high a conductivity as Al. Hence Al-Si alloys
suffer less conductivity degradation from extensive alloying than any other system.
Since Si inhibits the aluminum carbide formation by competing for carbon, the
fiber-to-matrix bond is enhanced through Si to carbon bonding at the interface
during contact with molten Al during the casting process (Figs. 4.10 and 4.11,
Table 4.9).
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Fig. 4.11 Picture of some aluminum and copper graphite composite heat sinks. (a) Ka-band TR
module housings for Boeing Spaceway phased-array antenna (photos courtesy Metal Matrix Cast
Composites, used with permission). (b) Copper-graphite composite IGBT base plates

Table 4.9 Typical properties of aluminum-graphite composites

Composition Al-70% graphite Al-40% graphite
Thermal conductivity (W/mK) 200 230

CTE (ppm/K) 7.5 4

Density (g/cm?) 2.46 24

4.5 Sandwich Structure of Composite Materials

This type of stacked packaging material is generally divided into three layers. The
middle layer is a low-expansion material, whereas the outside layers are materials
with high electrical conductivity and thermal conductivity. Of course, there are two-
layer, four-layer, and multilayer laminates. Generally, rolling and plating are used to
prepare the sandwich structure. This type of composite has good thermal conduc-
tivity and low expansion coefficient. Basically there is no problem in densification.
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Table 4.10 Typical CMC properties (Courtesy Torrey Hills Technologies)
Thermal Conductivity (W/mK)

Cu/Mo/Cu (ratio) Density (g/cm?) CTE(x10° K™") In-plane Through-plane
13:74:13 9.88 5.6 200 170
1:4:1 9.75 6.0 220 180
1:3:1 9.66 6.8 244 190
1:2:1 9.54 7.8 260 200
1:1:1 9.32 8.8 305 220

Table 4.11 Typical CPC properties (Courtesy Torrey Hills Technologies)

Cu/Mo70Cu/  Density Young’s Thermal conductivity (W/mK)
Cu (ratio) (g/lem?®) modulus (GPa) CTE (x10°K™") In-plane Through-plane
1:4:1 9.5 195 7.0-9.0 280 180

In addition, the material processing cost is relatively low. For example, continuous
production of rolled composite Cu/Invar/Cu composite plates can greatly reduce
production costs. Thin foils 70 pm thick can be widely used in the PCB core layer
and the lead frame material. At present, commercialized “sandwich” structure com-
posite products include copper/molybdenum-copper/copper, Cu/Kovar/Cu, Cu/
steel/Cu, and so on.

4.5.1 Copper/molybdenum/copper (CMC) and Copper/
molybdenum-copper/copper (CPC) Materials

Copper/molybdenum/copper (CMC) and copper/molybdenum-copper/copper
(CPC) are laminates with a low-CTE material (Mo or Mo-Cu) sandwiched by thin
copper sheets. The typical structure has three layers. According to some reports,
some four or five layers were fabricated. Typical fabrication methods are hot rolling
lamination, explosive lamination, and plating lamination. New developments on
laser-assisted coating welding and ultrasonic welding have also been reported. The
core material used in CPC is Mo70-Cu, which has a higher thermal conductivity
than pure Mo. Thus the thermal conductivity of CPC composite materials is
improved, especially in the out-of-plane direction.
The highlights of CMC and CPC are as follows (Tables 4.10 and 4.11):

(1) Very strong interface bonding, which can repeatedly resist 850 heat shock;
(2) Tailorable CTE matching that of semiconductor and ceramic materials;
(3) High thermal conductivity and no magnetism;

(4) Can be stamped into components.
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Fig. 4.12 CMC and CPC microstructures

Table 4.12 Properties of CIC composite materials (Courtesy Torrey Hills Technologies)

Cu/Invar/ Density Young’s Thermal conductivity (W/mK)
Cu (ratio) (g/cm®) modulus (GPa) CTE (x10° K™) In-plane Through-plane
1:1:1

1:2:1

1:3:1 8.5 - 7.0-9.0 110 48

The microstructure of CMC and CPC is shown in Fig. 4.12.

These types of laminates enjoy good thermal conductivity and low CTE. In addi-
tion, unlike W-Cu and Mo-Cu composites, there is no porosity issue. Relatively
speaking, the manufacturing cost of CMC and CPC is lower than that of W-Cu and
Mo-Cu. Furthermore, CMC and CPC laminates can be fabricated in large format
(e.g.,24x24 in.).

From a metallurgical point of view, Cu and Mo are very different. Again, the
melting point of Mo is higher than the boiling point of Cu. Cu has very low solubil-
ity in Mo. In addition, Mo and Cu sheet metals have different mechanical proper-
ties. The recrystallization temperature of Mo is >1,200°C, while copper recrystallizes
at a temperature of <400°C. Therefore, it is difficult to laminate Cu and Mo. If not
handled properly, the material tends to delaminate.

4.5.1.1 CIC(Cu/Invar/Cu) Thermal Management Materials

For Invar (Fe-Ni alloy) at temperatures below the Curie point, the “Invar” effect
causes low thermal expansion. The “sandwich” structure made with Invar exhibits
a low CTE. However, as the thermal conductivity of Invar is poor, the “sandwich”
structure made with Invar exhibits low thermal conductivity in the out-of-plane
direction. The properties of CIC are listed in Table 4.12.
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Chapter 5

Properties of WCu, MoCu, and Cu/MoCu/Cu
High-performance Heat Sink Materials

and Manufacturing Technologies

Abstract In this chapter, we will first present the properties of WCu, MoCu, and
Cu/MoCu/Cu high-performance heat sink materials in great detail. Then we will
introduce manufacturing technologies such as high-temperature liquid-phase sinter-
ing, reactive sintering, and infiltration. Then we will introduce CMC/CPC compos-
ite manufacturing technologies such as hot rolling lamination, explosive forming,
and laser cladding. Finally, we will discuss the WCu and MoCu microelectronics
packaging material manufacturing technologies research diagram and present
detailed descriptions of each step.

Tungsten copper and molybdenum copper are not really alloys. Both of them are
composed of two immiscible metallic phases. Therefore, they show characteristics
of both metals, and their coefficients of thermal expansion (CTEs) and thermal con-
ductivity (TCs) are complementary for each other, and they have good overall per-
formance. The MoCu composite materials show combinational properties such as
high electrical and thermal conductivities, low coefficient of thermal expansion,
nonmagnetic and good high-temperature performance, and many others. They have
a bright future in the field of electronic packaging applications. Compared with the
traditional packaging materials, they have high thermal conductivity, and their
CTEs closely match those of contacting materials. Their CTEs can be adjusted,
which is a strong advantage; compared with SiC/Al composite materials, a variety
of mechanical cutting processing can be performed with MoCu materials. Compared
with W/Cu materials, molybdenum in MoCu has a relatively low density; thus the
use of MoCu can reduce the weight of packaging materials. Because of this unique
advantage, MoCau is a preferred choice in the aerospace, instrumentation, and por-
table equipment industries.

G. Jiang et al., Advanced Thermal Management Materials, 73
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Table 5.1 Typical properties of heat sink grade WCu (Courtesy Torrey Hills Technologies)

Type Composition Properties
Tungsten Density (g/cm?)  CTE (ppm/K)  Thermal
content (Wt%) conductivity (W/mK)
W90Cu 901 17 6.5 180-190
W85Cu  85x1 16.3 7 190-200
W80Cu  80x1 15.6 8.3 200-210
W75Cu  75%1 14.9 9 220-230

Fig. 5.1 Some typical WCu
heat sink parts (Courtesy
Torrey Hills Technologies)

5.1 Properties of WCu, MoCu, and Cu/MoCu/Cu

5.1.1 W-Cu Thermal Management Material

Many grades of W-Cu materials are currently being used as heat sinks. By adjusting
the content of tungsten, we can have its CTE designed to match those of materials
such as ceramics (Al,O,, BeO), semiconductors (Si), and metals (Kovar). Their
typical technical properties are shown in Table 5.1.

There are varieties of WCu products and specifications because there are variet-
ies of electronic components and different component structures. Some typical
WClu heat sink parts are shown in Fig. 5.1.

Their microstructures are shown in Fig. 5.2.

5.1.2 Copper Molybdenum (MoCu) Thermal
Management Materials

As with W-Cu, the CTE of MoCu can also be tailored by adjusting the content of
molybdenum. MoCu is much lighter than W-Cu, so it is suitable for aeronautic and
astronautic applications (Table 5.2).
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Fig. 5.2 (a) W-10Cu microstructure. (b) W-15Cu microstructure. (¢) W-20Cu microstructure

Table 5.2 Typical properties of heat sink grade MoCu (Courtesy Torrey Hills Technologies)
Physical property ~ Mo50Cu50  Mo60Cu40  Mo70Cu30  Mo80Cu20  Mo85Cul5

Composition 50% Mo Cu:  60% Mo Cu:  70% Mo Cu:  80% Mo Cu:  85% Mo Cu:
(Wt%) balance balance balance balance balance

Density at 20°C 9.5 9.6 9.7 9.9 10.0
(g/em?)

CTE at 20°C 9.9 9.5 7.5 7.2 6.8
(ppm/K)

Thermal 250 215 195 175 165
conductivity
(W/mK)

Specific heat at 323 310 301 - 275
100°C (J/kgK)

Specific electrical 0.028 - 0.37 - -
resistance
20°C (uf2m)

Young’s modulus 172 - 225 21 248
at 20°C (GPa)

Flexural strength - 1,103 1,138
(MPa)

Vicker’s hardness 150 - 170 - -

(HV 10)
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Table 5.3 Typical properties of heat sink grade CMC (Courtesy Torrey Hills Technologies)
Thermal conductivity (W/mK)

Cu/Mo/Cu Density (g/cm?) CTE (ppm/K) In-plane Through-thickness
13:74:13 9.88 5.6 200 170
1:4:1 9.75 6 220 180
1:3:1 9.66 6.8 244 190
1:2:1 9.54 7.8 260 210
1:1:1 9.32 8.8 305 250

Table 5.4 Typical properties of heat sink grade CPC (Courtesy Torrey Hills Technologies)

CTE (ppm/K) Thermal conductivity (W/mK)
Cu/Mo70Cu/Cu  Density (g/cm®)  X-direction  Y-direction In-plane  Through-thickness
1:4:1 9.46 7.2 9 340 300

513 CMC

Cu/Mo/Cu (CMC) is a sandwiched composite comprising a molybdenum core layer
and two copper clad layers. It has an adjustable CTE, high TC, and high strength
(Table 5.3).

514 CPC

Cu/Mo70Cu/Cu (CPC) is a sandwiched composite similar to Cu/Mo/Cu comprising
a Mo70-Cu alloy core layer and two copper clad layers. It has different CTEs in the
X and Y directions. Its thermal conductivity is higher than those of W/Cu, Mo/Cu,
and Cu/Mo/Cu, and it is much cheaper (Table 5.4).

5.2 'WCu Composite Manufacturing Technologies

The most common fabrication method is powder metallurgy (PM). More specifically,
there are three different manufacturing techniques:

* High-temperature liquid-phase sintering,
* Reactive sintering,
 Infiltration.

5.2.1 High-temperature Liquid-phase Sintering

Due to the fact that the melting points of copper and tungsten are so different, it is
possible to use high-temperature liquid-phase sintering to prepare the composite
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material. The advantage is its simple and mature process. The basic process steps
include powder mixing, dry press, and sintering. The disadvantages are its high
sintering temperature, long sintering cycle, and relatively low sintered body density
(typically at 90 to 95% theoretical density). To obtain usable materials for heat
sinks, high-temperature liquid-phase sintered W-Cu materials are often further pro-
cessed using forging, hot pressing, and other methods. The additional postsintering
process limits the use of high-temperature liquid-phase sintering in the fabrication
of W-Cu heat sinks. Bhalla reportedly achieved good results using explosive com-
paction. It was also revealed that copper particle size played an important role in
high-temperature liquid-phase sintering. The smaller the copper particle size, the
higher the sintered density.

5.2.2 Reactive Sintering

Reactive sintering is commonly used to sinter tungsten powders. Similar methods
are adopted to fabricate WCu composites. The typical sintering aids are Pd, Ni, Co,
Fe, and others. The addition of sintering aids can reduce the sintering temperature
and time and increase the sintered density significantly. Among the sintering aids
for W-Cu composites, Co and Fe are the best. Using W90Cu (90% W) as an exam-
ple, when Co content is 0.35% and the sintering is done at 1,300°C for 1 h, the
resultant sintered composite has a 99% theoretical density, hardness of 300 HV, and
flexural strength of 300 MPa. Ni and Pd are not as good as Co and Fe due to the fact
both Ni and Pd can form alloys with Cu because Ni and Pd are infinitely soluble in
molten copper, while Co and Fe are only partially soluble. During the sintering
process, Co and Fe will form an intermetallic compound to promote the densification
of tungsten. Unfortunately, the very addition of sintering aids reduces the electrical
conductivity and TC significantly. They are rarely used in manufacturing W-Cu heat
sink materials.

5.2.3 Infiltration

Infiltration starts with the preparation of a dry-pressed tungsten skeleton; the skel-
eton is then infiltrated with molten copper. The capillary force is employed to fill the
micro-cavities inside the green body, provided that the molten metal wets the green
body skeleton.

The advantages of infiltration are the high density and excellent electrical con-
ductivity and TC that it produces in materials. The disadvantages are multiple
machining steps after infiltration that can lead to higher cost and lower yield. Due
to the good performance of the obtained materials, the infiltration method is the
most common way to manufacture W-Cu heat sinks.
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500 X 100um KYKY-2800

Fig. 5.3 Typical microstructure of WCu parts fabricated by dry press and infiltration

One of the key processes to make good W-Cu heat sink materials is to prepare an
evenly distributed, good copper wetting, and high-purity tungsten skeleton. Tungsten
powders are relatively hard to form, and a green body, microcracks, and delamina-
tions are common challenges. There are three ways to prepare tungsten skeletons:

e High-temperature sintering
The high-temperature sintering method involves the preparation of a low-density
green body by dry pressing tungsten powders at a low pressure; then the green
body is sintered at about 2,000°C on reducing the atmosphere to obtain a higher-
density tungsten skeleton. This method entails a lower dry-press pressure, evenly
interstice distributed skeleton, and good skeleton strength. During the sintering
process, some of the micropores (about 6-8%) are closed and cannot be filtrated
by molten copper. The density is about 92-94% of theoretic density.

* Dry press
The dry press forming method is one of the most mature powder metallurgy
methods. Many methods have been developed to improve the forming properties
of tungsten powders, such as mixing copper powder, using copper-coated tung-
sten, and adding forming agents like rubber base or wax. Figure 5.3 shows a typi-
cal microstructure of W-Cu parts fabricated by dry press and infiltration.

e Mechanical alloying
Mechanical alloying (MA) is a solid-state powder processing technique involv-
ing repeated cold welding, fracturing, and rewelding of powder particles in a
high-energy ball mill. Originally developed to produce oxide-dispersion-
strengthened (ODS) nickel- and iron-based superalloys for applications in the
aerospace industry, MA has been shown to be capable of synthesizing a variety
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Fig. 5.4 The micrographs of mechanically alloyed Cu-W powders after ball milling at different
times, (a) 10h (b) 40h (¢) 60h

of equilibrium and nonequilibrium alloy phases starting from blended elemental
or prealloyed powders. Typically MA is done in a reducing atmosphere. The
drawback is the Fe impurities introduced during the ball mill stage, which affects
the thermal and electrical performance of the resultant W-Cu material.
Figure 5.4, 5.5, and 5.6 shows the micrographs of MA CuW powder, XRD, and
W-Cu composite.

5.3 MoCu Composite Manufacturing Technologies

Molybdenum’s melting point of 2,610°C is higher than copper’s boiling point
2,595°C. Copper is not soluble in molybdenum. Most MoCu composites are fabri-
cated using powder metallurgy, and the process is very similar to that of W-Cu.
Generally, there are three manufacturing methods:

1.

2.

High-temperature liquid-phase sintering

The basic high-temperature liquid-phase sintering process is very similar to that
of W-Cu. The precursor materials can be either pure copper and molybdenum
powders, or they can be a mixture of pure and oxide copper and molybdenum
powders. The basic process flow is the same as that of W-Cu and basically
consists of powder mixing, dry press, and sintering. This process works best for
high-molybdenum-content composites since it is difficult to do by infiltration.
For high-molybdenum-content composites, it is very common to use ultrafine
molybdenum and copper powders as precursor materials and mechanical surface
activation to promote sintering densification. The drawback is that molybdenum
grains tend to have excessive growth. The structure of the resultant MoCu com-
posite is not as homogeneous as that obtained by infiltration.

Infiltration

As in the case of W-Cu, most MoCu heat sink materials are fabricated by
infiltration. This process starts with dry pressing molybdenum powders to a
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Fig. 5.5 The XRD graphs of mechanically alloyed Cu-W powders after ball milling at different
times, (a) 10h (b) 40h

Fig. 5.6 The resultant WCu composite after mechanical alloying after ball milling at different
times, (a) 10h (b) 40h (c¢) 60h

green body and presintering them in a reducing atmosphere to obtain a porous
molybdenum body. Then molten copper infiltrates the micropores of the molyb-
denum skeleton to form a MoCu composite. The copper content is determined by
the volume of interstices within the molybdenum skeleton. Since the copper den-
sity is very close to that of molybdenum, the volume of interstice is limited, and
consequently the copper content is limited to about 30% or less by weight. The
best way to fabricate lower-copper-content composites (like 85% Mo-15% Cu)
is still by high-temperature liquid-phase sintering.

3. Mechanical alloying

MoCu composites fabricated by MA exhibits higher electrical conductivity,
higher thermal conductivity, and higher hardness. During the MA process, metal
particles undergo extensive stress, strain, and dislocation to form some nano-
scale grain boundaries. The system has much higher residual energy, up to 10 KJ/
mol or more. After MA, the powders are highly activated. The longer the ball
milling time, the smaller the metal particles and the larger the specific surface
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area. At the same time, there are many crystal surface and grain boundary defects.
The powders are in a mesostate and very easily densified during sintering.

5.4 CMC/CPC Composite Manufacturing Technologies

The most commonly used manufacturing technologies include hot rolling lamina-
tion, explosive forming, and laser cladding.

5.4.1 Hot Rolling Lamination

Hot rolling lamination uses huge rolling machine pressure, aided by heat, to apply
tremendous shear force to laminating materials. The surface oxide layers are broken
down by the shear force, undergo plastic deformation, and form an atomic-level
intermetallic bond. In the hot rolling lamination process, to make CMC and CPC,
four key factors are important in controlling the obtained laminate quality, material
surface condition before lamination, first rolling thickness deformation, rolling tem-
perature, and annealing temperature.

Hot rolling lamination is a relatively mature manufacturing method with a low
volume manufacturing cost. However, the initial capital investment is high.

Due to the fact that Cu and Mo are mutually insoluble, the bonding mechanism
at the MoClu interface is a microscopic-level mechanical bonding.

5.4.2 Explosive Forming

Explosive forming is a metalworking technique in which an explosive charge is
used instead of a punch or press. It can be used on materials for which a press setup
would be prohibitively large or require an unreasonably high pressure. In addition,
it is generally much cheaper than building a large enough and sufficiently high-
pressure press; on the other hand, it is unavoidably a batch process, producing one
product at a time and with a long setup time.

There are various approaches to explosive forming; one is to place a metal plate
over a die, with the intervening space evacuated by a vacuum pump, place the whole
assembly underwater, and detonate a charge at an appropriate height above the plate.
For complicated shapes, a segmented die can be used to produce in a single opera-
tion a shape that would require many manufacturing steps or require that the mate-
rial be manufactured in parts and welded together, with a concomitant loss of
strength at the welds. There is often some degree of work hardening from the explo-
sive-forming process, particularly in mild steel.
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Tooling can be made out of fiberglass for short-run applications, out of concrete
for large parts at medium pressures, or out of ductile iron for high-pressure work;
ideally the tooling should have higher yield strength than the material that is being
formed, which is a problem since the technique is usually only considered for mate-
rial that is itself very hard to work.

Explosive forming was used in the 1960s for aerospace applications, such as the
chine plates of the SR-71 reconnaissance plane and various Soviet rocket parts; it
continued to be developed in Russia, and the organizing committees of such events
as EPNM tend to contain many members from the former Soviet Union. It proved
particularly useful for making high-strength corrugated parts that would otherwise
have had to be milled out of ingots much larger than the finished product.

5.4.3 Laser Cladding

Laser cladding is a method of depositing material by which a powdered or wire
feedstock material is melted and consolidated by use of a laser in order to coat part
of a substrate or fabricate a near-net shape part.

The powder used in laser cladding is normally of a metallic nature and is injected
into the system by either coaxial or lateral nozzles. The interaction of the metallic
powder stream and the laser causes melting to occur and is known as the melt pool.
This is deposited onto a substrate; moving the substrate allows the melt pool to
solidify and thus produces a track of solid metal. This is the most common tech-
nique; however, some processes involve moving the laser/nozzle assembly over a
stationary substrate to produce solidified tracks. The motion of the substrate is
guided by a CAD system that interpolates solid objects into a set of tracks, thereby
producing the desired part at the end of the trajectory.

5.4.4 WCu and MoCu Microelectronics Packaging Material
Manufacturing Technologies Research Diagram

A research diagram of W-Cu and MoCu microelectronics packaging material manu-
facturing technologies is given in Fig. 5.7.
Descriptions of the preceding process steps are listed below.

1. W and Mo powder processing
W and Mo powders have a large surface area and high activity. The surfaces will
be oxide if they are exposed to the atmosphere. Because surface oxides cannot
be wetted, they will adversely affect the quality of the following process steps.
To remove the surface oxides, the powders should be heated at 900°C for 1 h.
2. Powder preforming
Before performing, additives are often added to the powder mixtures to improve the
pressing process. Additives are used to improve the mechanical strength of the
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Fig. 5.7 Research diagram
of W-Cu and MoCu
microelectronics packaging
material manufacturing
technologies
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performs or to prevent segregation of the powders. They are removed before sintering
or during sintering. Sometimes they are called binders. Additives can reduce fric-
tion between W powder particles and lower the preforming pressure. As a result,
the performance capability is improved. There are many choices for additives, such
as wax rubber, SBP, alcohol, acetone, stearic acid, oleic acid, and others.

Additives are utilized to improve the preform property, so high pressing pres-
sure can be used.

3. Copper infiltration

Infiltration starts with the preparation of a dry-pressed tungsten skeleton; the
skeleton is then infiltrated with molten copper. A capillary force is employed to
fill the micro cavities inside the green body, provided that the molten metal wets
the green body skeleton.

The infiltration temperature is 1,350°C and the duration is 1 h. After the
infiltration process is completed, the leak rate, density, and CTE are tested.
. Surface machining
After infiltration, there is extra copper on the surface of W(Mo)-C. The surface
is normally milled. If the surface roughness, flatness, and parallelism are not up
to customer requirements, the materials will be polished or grinded further.
Finally, the work piece is machined according to customer design using CNC
equipment.

5. Nickel plating
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In the microelectronics field, nickel is widely used as a bottom barrier layer. A Ni
layer can stop the interdiffusion of certain elements between the substrate and
the coating. At the same time, the reliability of microelectronic components is
improved by the Ni barrier. For W-Cu and MoCu, the Ni layer can improve the
weldability between W-Cu/MoCu substrates and silver-copper solder. Ni can be
deposited by plating or by an electroless method according to the customer’s
requirements. The thickness can be up to 100-300 mm. After the Ni is deposited
and heated to 850°C for 10—15 min, there should be no air bubbles on the surface
under a 40x amplification microscope.

6. Quality inspection
There should be no visible burrs, pinholes, or air bubbles on the surface under a
10x to 40x microscope. The surface scratch depth should be less than 12.5 um,
and the dent depth should be less than 30 pm.
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Chapter 6

Novel Methods for Manufacturing of W85-Cu
Heat Sinks for Electronic Packaging
Applications

Abstract High-velocity compaction (HVC) is a production technique that uses a
high-speed punch motion on powder materials to achieve superior mechanical prop-
erties. However, as the particle size of the powder metals decreases, achieving
higher-density numbers becomes increasingly challenging. For this reason, the
HVC technique cannot be adopted for manufacturing W85-Cu heat sinks as the
particle size of the tungsten powder is very fine (FSSS 3 um or finer). In this study,
the HVC process at elevated temperatures is studied for W85-Cu heat sinks
(HTHVC). Tungsten skeletons prepared by conventional uniaxial methods are com-
pacted by the HTHVC method at various elevated temperatures. The compacted
tungsten skeletal blanks are infiltrated with copper at an elevated temperature of
1,350°C for 2 h. The mechanical properties including density, thermal conductivity,
hermeticity, and coefficient of thermal expansion, have been found to be in line with
the requirements for W85-Cu heat sinks.

6.1 Introduction

To obtain W-Cu electronic packaging materials with better performance, it is desir-
able to use smaller particle size tungsten powder, expecting a tungsten skeleton to
achieve 72-80% relative density, while right now only 55-60% relative density is
possible using conventional pressing techniques. If the compressive pressure is fur-
ther increased, blanks will have cracks or undergo delamination and the desired
shape cannot be produced. A new forming technology or process is required to
improve the density of tungsten powder skeletons.

Back in the 1980s, Chinese Engineering Academy member Huang Peiyun put
forward the concept of high-speed compaction techniques [1], and the mechanisms
of high-velocity compaction were discussed. He believes that the reason that high-
velocity compaction can result in high density are twofold. First, when pressed by
dynamic pressure instead of static pressure, the powder body is impacted by not
only the static pressure but also momentum; the greater the velocity, the greater the
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momentum. As the impact time is very short and the impact pressure on the powder
is much greater than the static force, densification efficiency is high. Second, the
powder deforms fast in the HVC process, generally faster than the work hardening
rate, and the deformation rate is not hampered by the work hardening effect.
Therefore, the pressure needed for densification in the HVC process is less than the
level needed during the static densification process.

High-velocity compaction (HVC) is a technology launched by a Swedish com-
pany, Hogands, in June 2001. In this technology, a hydraulic hammer is employed
to produce a strong shock wave in a very short period of time (20 ms or so) and the
powder is pressed into high density. It is a breakthrough for the powder metallurgy
industry seeking low-cost, high-density material preparation technologies. This
technology is still under development, even though it is used for pressing copper
powder, iron powder [2-5], stainless steel powder [6], polymers [7, 8], and other
conventional powders; there are no reports used for refractory metal powders such
as tungsten powder or molybdenum powder.

Fine tungsten powder of FISS 2.8 pum particle size is used as the raw material.
The tungsten skeleton is prepared by a high-temperature, high-velocity compaction
(HTHVC) technique. In this newly developed technology, the powder is first pressed
into a low-density green body in a static press. The low-density green body is then
presintered for a certain amount of time. The presintered skeleton is then put in a
mold for high-velocity treatment. At this point, the density of the black piece is
further increased. Because the heating temperature is usually selected below the
recrystallization temperature of the powder for high-velocity treatment, this tech-
nology is termed HTHVC.

The main purpose in this study is to solve the problem of not being able to meet
the tungsten green body relative density requirement of 72-80% at room tempera-
ture. This density value of 72-80% is required for the packaging industry. The tem-
perature can vary from 600°C to 950°C. As the melting point of tungsten is high,
950°C is still below the recrystallization temperature of tungsten powder.

Copper-tungsten composites have excellent thermal conductivities and match
the coefficient of thermal expansion (CTE) of Al O,, BeO, and other ceramics com-
monly used in electronics packaging. Among different copper-tungsten materials,
W85-Cu (85% W) is widely used in the packaging of microwave, RF, and optical
communication power amplifiers [9-14]. One of the primary requirements for
W85-Cu heat sinks is to have higher densities and higher airtightness or hermeticity
[15-18]. To achieve higher density it is very important that the particle size of the
tungsten remain very small. The smaller particle size of tungsten also helps in
achieving a homogeneous WCu composite material with improved Cu and W dis-
tribution. However, due to their poor plasticity, even in the presence of a molding
agent, manufacturing W85Cu composites from fine W particles using conventional
dry press or isostatic press methods becomes challenging. The obtained green den-
sity is normally 60% of the theoretical density, making it unsuitable for W85-Cu
heat sink applications, which require about 72% of theoretical density. On the other
hand, when the pressure is increased, the green body tends to delaminate and the
obtained green density continues to remain at 65%.
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Fig. 6.1 Flow chart of traditional method of manufacturing WCu composites

The traditional method of manufacturing WCu involves preparing a tungsten
skeleton from fairly larger tungsten particles using a dry press method. The skeleton
is sintered and later infiltrated with copper to form a copper-tungsten composite.
The process is described elaborately in Fig. 6.1. Maintaining a uniform material
distribution with larger tungsten particles is very challenging. For this reason, this
study has focused on using novel manufacturing methods that could use smaller
tungsten particles and still meet the required density number.

In HVC, a high-speed punch motion is used to achieve higher densities, typically
using the same powder materials. The HVC method has the capacity to significantly
improve the mechanical properties of powder metallurgy (PM) parts. Several inves-
tigations indicate that high-density components can be obtained using HVC. Also,
low ejection force and uniform density are obtained using HVC. Powder filling,
compaction, and ejection of green compacts are similar to uniaxle compaction
presses. The application of HVC to tungsten powder metallurgy has not been
reported due to the poor plasticity of compacted tungsten powders.

In this research, the combined merits of high-speed compaction [19-21] and
high-temperature pressure forming have been used to devise a new forming method,
HTHVC. In the current method, the interaction between high-temperature and high-
velocity compaction has been studied in detail. The new method has been named
HTHVC since its temperature is higher than tungsten’s ductile-brittle transition
temperature (200—400°C) while still below the recrystallization temperature.

6.2 Experiments

Using a proprietary mold-forming agent, SBP, and the conventional static dry press
method, FSSS 2.83 um tungsten powers (Fig. 6.2) were pressed into blanks measur-
ing 51 x23 x 15 mm. The resultant relative density was found to be 61% that of pure
tungsten. The green body was later heated at 900°C in a reducing atmosphere to
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Fig. 6.2 SEM pictures of Fisher FSSS 2.83 pm tungsten powers

burn out the binder matter. After burning the binder out, the blank was heated to
650°C and 950°C in a reducing atmosphere. A 60-ton of high-speed friction press
was then used to further increase the density of the tungsten skeleton. The tungsten
skeleton was further infiltrated with molten copper at 1,350°C for 2 h.

The prepared specimen per the preceding specification were machined into parts
in accordance with the standards of electronic packaging materials. The prepared
samples were later characterized using the following instruments: JR-3 laser flash
to measure thermal conductivity and thermal diffusivity, HELIOT3068 type He
adsorption for hermeticity measurement, DHL-402PC to measure the CTE, and
SIR200 SEM to evaluate the electron microscopy microstructure.

6.3 Experimental Results

6.3.1 A. Effects of Temperature on HTHVC W Skeleton Density

To study the effect of temperature on the HTHVC process, tungsten skeletons with
a starting green compact density of 11.65 g/cm? were subjected to an HTHVC pro-
cess at temperatures of 25°C, 600°C, and 950°C, respectively. Table 6.1 shows the
effect of temperature on the obtained W skeleton green density.

The results of this experiment illustrate clearly that temperature has a significant
effect on the density of the 85Wcu composite. At elevated temperatures, the final
density of the green skeleton was found to surpass 14 g/cm?. This is in line with the
density requirement of 13.98 g/cm? for electronic packaging applications. However,
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Table 6.1 Effect of temperature on obtained tungsten skeleton green density
Density after HTHVC

Temperature (°C)  Green blank density (g/cm?®)  processing (g/cm?) Improvement (%)
25 11.65 12.96 11.24

600 11.65 14.15 21.45

950 11.65 14.39 23.51

Fig. 6.3 SEM pictures of fractured surfaces of green blanks after HTHVC processing. (a) 25°C.
(b) 600°C. (¢) 950°C

the same process at room temperature (HVC) failed to meet the density requirement.
The density increase at elevated temperatures can be attributed to the increase in
plasticity of the tungsten particles at higher temperatures. Thus the HTHVC process
helps in fulfilling density requirements even with finer tungsten particles versus
larger tungsten particle sizes (7-8 um) and higher tonnage press used in the conven-
tional process. Figure 6.3 shows SEM pictures of fractured surfaces of green blanks
after HVC processing at different temperatures.

6.3.2 B. Effects of Precursor Tungsten Skeleton Density
on HTHVC W Skeleton Density

From the results of the foregoing experiment, the temperature was set at 950° C for
further experiments on the HTHVC process. In the next round of investigation, the
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Table 6.2 Effects of precursor tungsten skeleton density on HTHVC W skeleton density
Group 1 Group 2 Group 3 Group 4

Precursor tungsten skeleton density (g/cm?) 10.59 11.59 11.65 13.26
After HTHVC process (g/cm?®) 13.85 14.28 14.39 14.62
Improvement (%) 30.78 23.20 23.51 10.25

Table 6.3 Effect of precursor skeleton density on final density

Precursor tungsten skeleton After HTHVC processing
Relative density Relative density
Item Density (g/cm?) (% pure W) Density (g/cm?) (% pure W)
1 11.77 60.98 13.95 72.28
2 11.75 60.98 13.94 72.23
3 11.64 60.98 13.82 71.61
4 11.75 60.98 13.91 72.21
5 11.73 60.98 13.92 72.22

effect of the starting green density of the tungsten skeleton on the final density of the
85WCu composite was studied. For this, a series of samples with densities ranging
from 10.59 to 13.26 g/cm?® were subjected to HTHVC at 950°C. After HTHVC pro-
cessing, the final composite densities were measured and tabulated (Table 6.2).

From the preceding table it can be observed that HTHVC processing is very
effective in compacting tungsten precursor skeletons. The increase slowed down as
the precursor density increased. Table 6.2 data were the average of five samples.
HTHVC also showed very good reproducibility (Table 6.3). The precursor skeleton
blanks had an average density of 11.728 g/cm® and a standard deviation of 0.051 g.
After HTHVC processing, the average density was 13.908 g/cm?® and the standard
deviation was 0.052 g.

6.3.3 C. HTHVC W85-Cu Microstructures and Physical
Properties

After 950°C HTHVC processing, the resultant W skeleton was infiltrated with Cu
in 1,350° for approximately 2 h. The microstructure of the composite can be
observed in Fig. 6.3, which that the phase distribution of copper is uniform across
the connected tungsten skeleton. Also, no obvious clustering of tungsten and copper
was observed from the SEM images shown in Fig. 6.4.

The mechanical properties of the specimen are tabulated in Table 6.4. It can be
observed that the W85-Cu samples processed using the HTHVC method have a
relative density of 99.5%, TC coefficient of 185 W/mK, and hermeticity of
1x10-10 Pa » m%s. Also, the CTE and other properties were found to be in confor-
mance with the standards of heat sinks for electronic packaging applications.
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Fig 6.4 SEM micrographs of HTHVC-processed W85-Cu

Table 6.4 Physical properties of W85-Cu prepared by 950°C HTHVC

Relative CTE (x10°/K) Thermal conductivity
density (%) 100°C 200°C 300°C Hermeticity(Pa-m¥/s)  (W/mK)

99.5 6.94 7.60 7.71 1x107° 185

6.4 Discussion

6.4.1 HTHVC Densification

Tungsten powders are hard and brittle. It is difficult to form them using dry press.
In the regular HVC process, due to the relatively large impact in the tungsten blank
axis, there is a high-volume change and certain amount of axial elastic aftereffects.
Per the theory of compaction, in the initial stage, the densification is caused by
filling the porosity with powders (or removal of porosity). After that, the main
densification mechanism is due to the deformation of powder. The densification
mechanism of iron has been reported in the literature [22]. During HVC processing
of iron particles, a significant amount of heat is produced due to friction between the
iron particles. This results in higher local temperatures, which causes local neck-to-
neck sintering between iron particles. This mechanism helps to increase the density
with the HVC process for iron.

However, in the case of tungsten powder, because the ductile-brittle transition
temperature of tungsten is very high, the melting point is also much higher than
room temperature. At room temperature, W particle deformation is still dominated
by brittle fracture. Hence the density gain by HVC over the conventional uniaxial
dry press is very limited and the blank is prone to delamination. Thus processing
tungsten at room temperature using HVC does not help in increasing the density
significantly. However, at elevated temperatures, the tungtsten skeleton becomes
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Fig. 6.5 High-amplification SEM micrographs of W skeleton prepared by 950°C HTHVC showing
joined W particles

more ductile and the local contact temperature between particles also increases.
At a forming temperature of approximately 950°C, which is higher than tungsten’s
ductile-brittle transition temperature, more tungsten particles would experience
plastic deformation. At the same time, tungsten particles would thereby be partially
sintered at the neck portion during the HVC process, increasing the compact density
significantly. Figure 6.5 shows an SEM image of a tungsten skeleton formed using
the HVC process at 950°C.

6.5 Advantage of HTHVC

In this work, blanks were first obtained using a static dry press and later heated in a
reducing atmosphere. The temperature was selected such that it was higher than the
plastic-brittle transition temperature yet lower than the recrystallization temperature
of tungsten. Following an increase in temperature, the blanks were subjected to
HVC. The resultant W skeleton after processing in HVC at the elevated temperature
displayed significantly higher density, eliminating the need for special forming and
lubricating agents and other powder-heating devices.

This process enjoys all the advantages of a typical HVC process including higher
impact energy, high plasticity of powders, and higher density. The high-speed sup-
pression helps in increasing the green density of the fine tungsten powder through
increased impact energy and ensures stability of the powder bulk density. Therefore,
the proposed high-speed, high-temperature, and high-pressure molding technology
has all the advantages to be considered for manufacturing CuW heat sinks for elec-
tronic packaging applications.
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6.6 Disadvantage of HTHVC

For a typical microelectronics packaging CuW heat sink part, here is the rough cost
breakdown:

1.
2.
3.

Material cost: Cu and W, 10-35% of total cost
Infiltration and machining: 10-35% of total cost
Finishing cost: Ni/Au plating, 30-50% of total cost

With the addition of the HTHVC process, the infiltration and machining cost

portion is estimated to increase by 50—100%.

6.7 Conclusions

Based on the foregoing experimental results, the following conclusions were drawn:

1.

2.

At elevated temperatures, the HVC process increases the density of tungsten
skeletons significantly.

Processing tungsten at elevated temperatures resulted in a relative density of
99.5%, airtightness of 1x10-10 Pa ¢ m%¥s, and TC of 185 W/mK. Thus the
mechanical properties were found to be in line with the requirement for heat
sinks for electronic packaging applications.

. The distribution of copper in the tungsten skeleton was uniform and no significant

clustering was observed in the SEM images.

. Thus, the HTHVC method for processing W85Cu composites is very useful in

obtaining high-density composites with uniform material distribution and desir-
able mechanical properties.

. The HTHVC process could potentially add significant cost to the CuW.
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Chapter 7
Improved Manufacturing Process of

Cu/Mo70-Cu/Cu Composite Heat Sinks
for Electronic Packaging Applications

Abstract Looking back at the development of various thermal management materials,
one can see the limit imposed by nature or by physical laws. Single-element materials,
like Al and Cu, have their advantages and disadvantages. Composite materials like
CuW, CuMo, AISiC, and Al-graphite are a tradeoff between the thermal conductivity
(TC) and coefficient of thermal expansion (CTE). Using CuW as an example, a higher
Cu content will increase the TC and lower the weight (both are desirable). On the flip
side, a higher Cu content will also lead to a higher CTE (undesirable). CuW has many
compositions like 50/50, 60/40, 70/30, 80/20, 85/15, 87/13, 89/11, and 90/10. The vari-
ous compositions reflect the compromise between the conflicting needs for CTE and
TC. It was almost impossible to improve both CTE and TC until a Cu/Mo70Cu/Cu
laminate material was developed. Cu/Mo70Cu/Cu is a laminate material with Mo70Cu
sandwiched by two thin layers of Cu. During the rolling lamination process, Mo par-
ticles inside the Mo70Cu composite is elongated in the X-direction (the rolling direc-
tion). The resultant Cu/Mo70Cu/Cu is anisotropic. The X-direction has a lower CTE
(like 7.0 ppm/°C for a 1:4:1 ratio), and the Y-direction has a higher CTE (~9.0 ppm/°C
for a 1:4:1 ratio). Material physics still works here, coupled with relatively high TC (up
to 300 W/mK for through thickness), but this unique material feature makes it very
attractive for long and thin dies like LDMOS. This chapter provides a detailed discus-
sion of the background and fabrication of this magical material.

7.1 Introduction

Copper-molybdenum/tungsten composites have excellent thermal conductivity, and
their coefficients of thermal expansion (CTEs) match those of A1203, BeO, and other
ceramics commonly used in electronics packaging. They are widely used in the
packaging of laser diodes, microprocessors, microwaves, RF, and optical communi-
cation power amplifiers [1-6]. One of the primary requirements for heat sinks is

that they must have higher relative densities and higher airtightness or hermeticity

G. Jiang et al., Advanced Thermal Management Materials, 99
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Fig. 7.1 (a) Mo70-Cu edge breakup during rolling process. (b) Mo70-Cu interfacial cracks
between Mo and Cu particles after 800°C annealing. (¢) Mo70-Cu interfacial cracks between Mo
and Cu particles after 900°C annealing

[7-12]. Using the high-velocity compaction (HVC) process developed by Jiang and
Kuang [13], the material properties of Mo70-Cu reach a density of 9.7 g/cm?, a
thermal conductivity (TC) of 180 W/mK, and a CTE of 7.5 x 10~ ppm/K. However,
for some critical applications that require much larger TC, the materials’ properties
need further improvement.

In theory, the TC of CPC composite structures made from Mo70-Cu could be
improved significantly. The manufacturing technology of core materials is
described by Jiang and Kuang [13]. The CPC composite structure is hot rolled
together. However, the manufacturing process of the core material is rather com-
plicated. One of the primary challenges in making Cu/Mo70-Cu/Cu is the mac-
roscale cracking of core material edges (Fig. 7.1a) during the rolling process. Edge
breakup drastically increases manufacturing costs. The other serious problem in
this manufacturing process is the presence of interfacial micro cracks between Mo
and Cu particles after the core composite is hot rolled, which results in poor her-
meticity and plasticity.

Copper and molybdenum are very different materials in their crystal structures,
melting points, and CTEs. Below the melting point of copper, there is almost no
mutual solubility; above the melting point of copper, a small amount of molybde-
num can be dissolved in copper. Therefore, the Mo70-Cu alloy is actually a mechan-
ical mixture of two metals. The plasticity of the alloy depends on the volume fraction
of copper. It is generally believed that molybdenum-copper and tungsten-copper
alloys with more than 30 wt% copper could be cold rolled and hot rolled into plates
[14-16].

But if there are microvoids, small pores, or other defects, the defects soon
become a high stress center and sources of cracking. The hermeticity and plasticity
of the composite could decrease significantly. Macrocracks will appear on work
piece surfaces.

Further, under elevated temperatures, Mo/Cu mechanical bonding strength in
Mo70-Cu becomes weaker. At the surfaces and the edges of a work piece, the
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temperature is relatively lower compared to that at the center of the work piece.
Since the CTE of Cu is high and it is about three times that of Mo, thermal expansion
of the weakly linked Mo/Cu composite will be sensitive to temperature differences.
In other words, thermal stress at the surfaces and edges of the work piece aggregates
the crack propagation of the microcracks at the Cu-Mo interfaces due to plastic
deformation and the microcracks due to microvoids and other defects. That should
explain the severe edge cracking taking place at the surfaces and edges of the work
piece. It should be pointed out that stress concentration at the edges also plays some
role in edge cracking.

Another source of cracking at Mo and Cu interfaces comes from a work-hardening
effect during the hot rolling processing of the Mo70-Cu core material. During the
hot rolling process, the materials undergo significant plastic deformation.
Dislocations in metal particles take place. As the grains are stretched and twisted,
slid bands and twins are formed. As the grains are stretched further, densities of
dislocations, slide bands, and twins increase; therefore, work hardening increases.
Such changes in microstructures result in increased residual stress, deterioration in
plasticity, and delinking of mechanical bonding between Mo and Cu particles.
Therefore, molybdenum and copper interfaces are separated and become sources of
cracks [17, 18], resulting in Mo70-Cu core material fracture.

Therefore, to reduce the internal residual stress and to eliminate the interfacial
microcracks in materials, annealing is required. When the Mo70-Cu core is annealed
at 800°C and 900°C, there is still a significant amount of microcracks. SEM images
of Mo70-Cu interfacial microcracks between Mo and Cu particles after 800°C and
900°C annealing are shown in Fig. 7.1b, c.

Here we will report results from optimizing the infiltration time and annealing
temperature during the hot rolling process.

7.2 Experiments

1. Optimizing infiltration time.

Infiltration time has been observed to be an important parameter governing the
quality of the Cu/Mo070-Cu/Cu core. In this experiment, a 99.9% Mo material
with a particle size of 4.8 pm and 99% Cu sheet were used for the composite. The
traditional method of manufacturing Mo/Cu involves preparing a Mo skeleton
from Mo particles using a dry press method. The skeleton is sintered and later
infiltrated with copper to form a copper-molybdenum composite. While the
infiltration temperature was set to 1,350°C, different infiltration times have been
studied to understand its influence on the core. Two different infiltration times, 2
and 6 h, were examined in this experiment. The tensile tests of Mo70-Cu core
samples were conducted using the INSTRON MODEL 8032 electronic universal
testing machine. The samples were kept at 20°C, 150°C, 250°C, 350°C, 450°C
and 550°C for 10—15 min. The elongation speed was 1 mm/min. A SEM image
was obtained using a Sirion 200 field emission high-resolution scanning electron
microscope.
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2. Optimizing intermediate annealing during rolling process
Prior to rolling, the Mo70-Cu core is annealed at an elevated temperature. In this
experiment, the influence of the intermediate annealing process on the quality of
the CPC composite was studied. The effect of various annealing temperatures
including 800°C, 900°C, 1,000°C, and 1,100°C were studied as a part of this
experiment. The annealing time was set to 1 h for all the above-mentioned
temperatures.

7.3 Results and Discussions

1. Effect of Infiltration Time
The densification effect of sintering temperature from 1,200°C to 1,500°C and
sintering time from 1 to 4 h on the final density of the Mo-18Cu composite was
investigated by Johnson [19]. It was found that there is significant copper evapo-
ration once the temperature exceeds 1,400°C. The effect of infiltration time is
discussed in this section. The effects of infiltration time on the edge surface char-
acteristic are listed in Table 7.1.

It can be observed that the samples that underwent 2-h infiltration display
poor plasticity, whereas samples that underwent 6-h infiltration exhibit excellent
plasticity. The reason behind the poor plasticity for samples with 2 h infiltration
time can be construed as weak infiltration of copper particles in the Mo skeleton.
For samples that undergo 2-h infiltration, Mo skeletons were not fully infiltrated
by Cu particles. This created numerous pores and weak bonding between the
Mo and Cu particles, leading to poor plasticity. Even if there were only 10-30%
deformation, serious edge cracking would take place (Fig. 7.2a).

On the other hand, for samples that undergo 6-h infiltration, the Cu particles
are fully infiltrated into a Mo skeleton gap. This reduces the porosity defects
within the core material. Also, the interfacial bonding strengths between molyb-
denum-molybdenum particles and molybdenum and copper particles are
improved significantly. In particular, the Cu melt infiltrated into the Mo skeleton
forms a uniform distribution of the networklike structure. Because the molybdenum

Table 7.1 Effects of infiltration time on Mo70Cu plasticity (the deformation rate is the ratio of the
thickness difference before and after deformation to the thickness before the deformation, in
percentage; the work pieces are hot rolled at 350°C)

Infiltration temperature % Deformation Edge surface characteristic
1,350°C infiltration for 2 h 10 Severe edge breakup
20 Very severe edge breakup
30 Surface crack
1,350°C infiltration for 6 h 10 Smooth surface
20 Smooth surface
30 Smooth surface
40 Smooth surface

50 Some edge cracks
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Fig. 7.2 Effect of infiltration on plastic deformation of core material. (a) 1,350°C, 2 h, 30% defor-
mation. (b) 1,400°C, 6 h, 40% deformation. (¢) 1,400°C, 6 h, 50% deformation

Fig. 7.3 SEM images of Mo70-Cu fracture surfaces at different temperatures: (a) 20°C. (b) 150°C.
() 250°C. (d) 350°C

particles could move along with the copper particles during deformation,
processing performance has been significantly improved. Even if the sample
deformation after rolling increased to 40%, the surface shown in Fig. 7.2b would
be in good condition. The edge crack shown in Fig. 7.2c does not appear until the
deformation reaches 50%.

To gain insight into the mechanical bonding strength between Mo particles
and Cu particles, tensile tests were performed at different temperatures. The tests
show that Mo70-Cu core material has a tensile strength of 608 MPa and an elon-
gation rate of 24.2% at room temperature, and the SEM images shown in Fig. 7.3a
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represent a ductile fracture surface. Cu fracture dimples and intergranular and
transgranular fractures are clearly seen. At room temperature, copper has a ten-
sile strength of about 400 MPa, and at room temperature Mo annealed at 1,350°C
has a tensile strength of about 500 MPa [20]. It is inferred that the netlinking
strength between Cu and Mo particles is strong.

As temperature is increased to 150°C, 250°C, 350°C, 450°C, and 550°C, the
tensile strength of core materials decreases to 300, 250, 275, 200, 75 MPa,
respectively, and the elongation rate is reduced from 22% to 14% almost lin-
early. The other SEM images of fracture surfaces are shown in Fig. 7.3b—d. At
approximately 350°C, the tensile strength and elongation rates are relatively
stable, and it is suitable for rolling deformation. From the fracture surfaces it
can be seen that there are increased dimple depths, more intergranular fractures,
and fewer transgranular fractures as the temperature is increased. Clearly, the
netlinking strength of Cu and Mo particles is weakened as the temperature is
increased.

2. Effect of intermediate annealing during rolling process
The effect of annealing temperature on the TC of W-Cul5 composites was
investigated [8, 21]. It was found that the TC of W-Cul5 composites could be
improved by annealing at 800°C. The SEM images of the Mo70-Cu microstruc-
ture after intermediate annealing at different temperatures during a rolling pro-
cess are shown in Fig. 7.4. From the SEM images microvoids on both the sample
annealed at 800°C and on the sample annealed at 900°C can be observed.
Almost no microvoids are found on samples annealed at 1,000°C and 1,100°C.
This could be explained in two ways. On the one hand, when Mo70-Cu is
annealed at 800°C and 900°C, even though the Cu phase is sufficiently annealed,
the Mo phase is insufficiently annealed. This is because pure Mo has a Brinell
microhardness of 290 and 280 respectively at 800°C and 900°C and a Brinell
microhardness of 205 at 1,100°C, according to Zhou [22]. On the other hand,
copper has a melting temperature of 1,083°C. When the temperature reaches
1,100°C, the copper phase melts. At this temperature, its viscosity is still low
enough to allow copper melt to move and fill the microcrack due to surface
tension; its viscosity is still high enough not to leak out. After the core material
is held at 1,100°C for 1 h, the bonding between the Mo phase and Cu phase is
repaired and its plasticity is improved significantly. When the temperature is
over 1,100°C, the copper melt could flow out of the Mo skeleton. This could
leave the Mo70-Cu core material with small pores, which could result in a
reduction in the density, the TC, and the electrical conductance.
3. Composite Properties with Optimized Process Parameters

The composite Cu/Mo70-Cu/Cu material is joined together in a hot rolling
process using optimized process parameters. The SEM images of a cross section
of Cu/Mo70-Cu/Cu are shown in Fig. 7.5. The joining mechanisms between copper
and Mo70-Cu include mechanical bonding created by interlocking of rough
surfaces and metallic bonding activated by heat energy released by severe plastic
deformation during the hot rolling process [23-25]. From the low-amplification
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Fig. 7.4 SEM images (500x) of M70-Cu composite materials at four different annealing temperatures:
(a) 800°C. (b) 900°C. (c) 1,000°C. (d) 1,100°C

Fig. 7.5 SEM image of cross section of Cu/Mo70-Cu/Cu at (a) low magnification and (b) high
magnification

graph shown in Fig. 7.5a, it is noticed that the interface is smooth and the wavi-
ness is small. The binding is tight and rigid without cracks and voids. The high-
amplification graph in Fig. 7.5b shows the grain of Mo particles being stretched
in the direction of the interface, which indicates severe plastic deformation.
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Table 7.2 Physical properties of CPC composite materials

Cu/Mo70Cu/Cu Density TCE TC Hermeticity
Thickness ratio glem? x107/K W/(m.K) x107'1° Pa.m’/s
1:4:1 9.52 7.0-9.5 265 8.85

The through-plane TC of Cu/Mo070-Cu/Cu is measured by a JR-2 Laser Thermal
Conductivity Analyzer. It is found that a sample with a 1:4:1 thickness ratio has a
value of 265 W/mK. The theoretical calculation of the TC is included here to
compare the calculated result to the measured result. We assume the TC of Cu, 7‘1 is
400 W/mK and the TC of Mo, 7“2 is 140 W/mK [26]. For the Mo70-Cu core, the
volume fraction of Cu, 0, is 32.8% and the volume fraction of Mo, o, 18 67.2%.

The calculated TC of Mo70-Cu is

w
Ao =00 +O,A, =225 (_ )
m.K
If we assume the total temperature difference across the entire thickness of CPC
is the sum of all individual temperature differences across each layer and let H =1/6
and H,=4/6, the calculated TC of Cu/M070-Cu/Cu could be estimated as

CC=%=Q63_5 W i
" 2HA,, +H,\ m.K

The theoretical calculation is slightly smaller compared to the measured TC of a
CPC composite. The mismatch suggests that the values of Mo and Cu TC used for
this calculation are slightly higher than the actual values. If we use the measured TC
value of 180 W/mK, then the calculated TC of the CPC would be 220 W/mK. This
value is about 17% smaller than the measured results. This indicates that the TC of
Mo70-Cu is improved after the core composites are hot rolled and annealed properly.
Therefore, the improved manufacturing process could have a significant impact on
the TC values of the core and the CPC. The other properties of CPC composite
materials are listed in Table 7.2. The density is measured by water displacement.
The CTE is measured using a Rigaku Thermal Expansion Analyzer. The leak test is
conducted on a Nissan HELIOT 306S Helium adsorption test machine.

7.4 Conclusion

In this chapter, an improved manufacturing process of CPC composite heat sinks for
electronic packaging applications has been presented. The properties of the com-
posite material are improved by optimizing the infiltration time and annealing tem-
peratures. The TC of the composite material is improved significantly compared to
that of the core Mo70-Cu material. Also, the experimental result matches well the
theoretical calculation. This composite material can be successfully used as a heat
sink in electronics packaging industry.
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Chapter 8
AlSiC Thermal Management Materials

Abstract Aluminum silicon carbide (AlSiC) is a metal-matrix composite consisting
of an aluminum matrix with silicon carbide particles. It has a relatively high thermal
conductivity (166-255 W/mK), and its thermal expansion can be adjusted to match
that of other materials, e.g., silicon and gallium arsenide chips and various ceramics.
AISiC composites are suitable replacements for copper-molybdenum (CuMo) and
copper-tungsten (CuW) composite materials as heat sinks, where the application
requires lower weight. AlSiC has about one-third the weight of copper, one-fourth
that of CuMo, and one-sixth that of CuW. AlSiC is also stronger and stiffer than
copper. Currently it is used as a heat sink for power electronics (e.g., IGBTs), heat
spreaders, housings for electronics, and lids for chips, e.g., microprocessors and
ASICs. This chapter serves as an introduction to AISiC materials, covers its basic
fabrication methods, and reviews its applications in microelectronics packaging.

8.1 Introduction

Aluminum is one of the most widely used materials in various industries. Its density
is approximately one-third that of CuMo composites and approximately one-fifth
that of WCu composites. Its low density and low cost make it one of the most
widely used materials, especially for aerospace and auto applications. Its thermal
conductivity (TC) is higher than that of most refractory metals such as tungsten,
titanium, chromium, and molybdenum. Its TC is higher than those of WCu and
CuMo composites and is about half that of copper, which has highest thermal con-
ductivity among the most commonly used metallic materials. However, its mechan-
ical properties are relatively low, and its coefficient of thermal expansion (CTE) is
highest among the most commonly used metallic packaging materials. For micro-
electronics and optoeletronics packaging applications that require low weight, good
TC, aluminum is the top choice. A comparison of aluminum properties compared to
those of other metallic materials is given in Table 8.1.
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Table 8.2 Process-mature ceramic material candidates for packaging applications

Density CTE ppm/°C Bend strength Young’s
Material (glem?) (25-150°C) TC (W/mK) (MPa) modulus (GPa)
SiC 32 2.7 200-270 450 415
AIN 33 4.5 170-200 300 310
Alumina 3.98 6.5 20-30 300 350
Beryllia 39 7.6 250 250 345

Table 8.3 Properties of AlSiC composite material [2]

Density ~ CTE ppm/ Bend strength ~ Young’s
Material (g/cm?) (25-150°C) TC (W/mK) (MPa) modulus (GPa)
AlSiIC (63v% SiC) 3.0 7.5 170-200 450 175

Naturally, a composite composed of aluminum and enforcement materials with high
mechanical strength and low CTE is desirable. There are many choices for enhance-
ment materials. A comparison of SiC properties compared to those of other process-
mature packaging materials is given in Table 8.2. SiC has the lowest density and lowest
CTE. Its TC, bending strength, and Young’s modulus are the highest in this group of
materials. Furthermore, SiC is a top choice material for high-temperature applications.
A device made from SiC can tolerate temperatures up to 700°C. Composite packaging
materials made of Al and SiC can have low density, high mechanical strength, good
TC, and low cost. Its CTE can be adjusted to match those of silicon and other process-
mature packaging materials such as AIN, alumina, and beryllia.

In this chapter, we will cover aluminum matrix composites (AMCs), specifically
on Al Particle-reinforced aluminum matrix composites (PAMCs) have attracted
interest in various fields including aerospace, automotive, sports, and microelec-
tronic and optoelectronic packaging due to their high performance and compara-
tively low cost.

Aluminum silicon carbide (AISiC) is gaining wide acceptance as an electronic
packaging material mainly due to the fact that its CTE can be tailored to match that
of Si or GaAs by varying the AIL:SiC ratio while maintaining the TC and high
strength-to-weight ratio. Silicon-carbide-particle-reinforced aluminum, commonly
called AISiC in the packaging industry, was used in microelectronic and optoelec-
tronic packaging by C. Zweben and his colleagues at GE in the early 1980s [1].

An example of AISiC composite materials [2] made by Ceramics Process
Systems is given in Table 8.3. Its density is approximately one-third that of CuMo
composites and approximately one-fifth that of WCu composites. Its TC is close to
that of WCu and CuMo composite materials. Its CTE is close to those of silicon and
other process-mature packaging materials.

In summary, the major advantages of AMCs compared to unreinforced materials
are as follows:

* Enhanced mechanical strength
e Improved stiffness
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e Reduced density (weight)

e Adjustable CTE

* Good TC

e Advanced thermal management properties

8.2 Types of Aluminum Matrix Composites

AMC:s can be classified into four types depending on the type of reinforcement [3].

(a) Particle-reinforced AMCs

(b) Whisker-or short fiber-reinforced AMCs
(c) Continuous fiber-reinforced AMCs

(d) Monofilament-reinforced AMCs

8.3 Challenges and Solutions in Fabrication of AISiC Thermal
Management Materials

8.3.1 Manufacture of High SiC Volume Fraction AISiC
Composites by Pressure Infiltration of Liquid Aluminum
into Packed SiC Particulate with a Bimodal Size
Distribution

One of the most promising metal matrix composites (MMCs) for electronic packaging
applications is a silicon-carbide-particle-reinforced AMC with a high volume con-
centration because the strength and stiffness of the composites generally increase
with increasing reinforcement volume fraction. A more practical way to attain high
particle volume fractions is to pack particles having different sizes. To achieve large
particle volume fractions, particles of substantially different sizes have to be used.
Molina [6] found that high volume fraction composites could be produced by
infiltrating liquid aluminum into preforms made by mixing and packing SiC parti-
cles with average diameters of 170 and 16 um. The maximum particle volume
fraction (0.74) was attained for a mixture having 67% coarse particles (Fig. 8.1).

Figure 8.1 shows the particle volume fractions attained in this work versus the
content of coarse particles in a mixture. The results indicate that particle volume
fractions above 0.6 can be easily obtained. As expected, the compactness shows a
maximum as the relative amount of the two particles is changed. A mixture having
67% coarse particles shows the maximum compactness, 0.74, a value 30% higher
than those obtained for compacts containing only fine or coarse particles (0.55 and
0.58, respectively).
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Fig. 8.1 Experimental
results (filled circles) for
particle volume fraction (Vp)
of SiC compacts versus
percentage of coarse particles
in mixture. The continuous
line denotes the fine-particle
fraction and the broken line
denotes the coarse-particle
fraction

8.3.2 Processing of Advanced AISiC Particulate Metal Matrix
Composites Under Intensive Shearing: A Novel Rheo
Process

One of the major challenges when processing MMCs is achieving a homogeneous
distribution of reinforcement in the matrix as it has a strong impact on the properties
and the quality of the material. To obtain a specific mechanical/physical property,
ideally the MMC should consist of fine particles distributed uniformly in a ductile
matrix and with clean interfaces between particle and matrix. However, current pro-
cessing methods often produce agglomerated particles in the ductile matrix and as a
result they exhibit extremely low ductility [7, 8]. Clustering leads to a nonhomoge-
neous response and lower macroscopic mechanical properties. Particle clusters act
as crack or decohesion nucleation sites at stresses lower than the matrix yield
strength, causing the MMC to fail at unpredictably low stress levels [9, 10]. Possible
factors resulting in particle clustering are chemical binding, surface energy reduc-
tion, and particle segregation [11]. The current processing methods often produce
agglomerated particles in the ductile matrix, and as a result these composites exhibit
extremely low ductility.

The key idea is to apply sufficient shear stress on particle clusters embedded in
the liquid metal to overcome the average cohesive force or the tensile strength of the
cluster. Molecular dynamics studies [12—14] suggest that the intensive shearing can
displace the position of atoms that are held together with high-strength bonds. Under
a high shear and high intensity of turbulence, liquid can penetrate into the clusters
and displace the individual particles within the cluster. A new Rheo process is intro-
duced for the production of AISiC PMMCs utilizing the melt conditioning by
advanced shear technology (MCAST) process developed at the Brunel Centre for
Advanced Solidification Technology (BCAST), Brunel University, London, in
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which the liquid undergoes a high shear stress and high intensity of turbulence
inside a specially designed twin-screw machine. Adetailed description of process
was reported by S. Tzamtzis [15].

Typical microstructures can be seen in Fig. 8.2a. The microstructures obtained
after dispersive mixing show a more uniform distribution compared with the
distributive mixing process. The melt conditioned (MC) cast samples have high
levels of porosity similar to the compo-cast ones. This is due to the fact that the
distributive mixing process, prior to the Rheo processing of the composites, causes
the suction of air bubbles, as mentioned previously. The casting method also induces
porosity in the samples. However, for the MC- high-pressure die casting (MC-HPDC)
samples the resulting microstructures were highly improved. The uniform disper-
sion of SiC particles in the matrix is clearly seen in Fig. 8.2b.

The samples produced with the Rheo process have a much more homogeneous
microstructure, the particles being distributed more uniformly throughout the whole
volume of the sample. This was consequently reflected in the mechanical properties
acquired by the tensile tests carried out. Figure 8.3 shows a comparison of the
mechanical properties of A356/SiC composite samples produced by the two differ-
ent processes. The MC-HPDC composites show an increase in the tensile elonga-
tion together with an increase in the ultimate tensile strength (UTS) of the material,
resulting from the effective dispersion of the particles. The magnitude of this
increase is about 15%.

8.3.3 Modified Squeeze Casting Technique

Another significant challenge for the processing of aluminum-based thermal man-
agement materials is to fabricate AMCs with a high volume fraction of SiC, which
has an average diameter of less than 10 um. Shoujiang Qu et al., of the Harbin
Institute of Technology in China, report a novel manufacturing process that over-
comes this limitation [16].

Particle reinforced aluminum composites (PRACs) are usually fabricated by a cast-
ing process and powder metallurgy (PM) technique. With the use of the PM tech-
nique, PRACs with various sizes and volume fractions of the particles can be fabricated
easily. However, the complicated processes and relatively high cost limit wide appli-
cation of PM products. Casting processes such as squeeze casting and stir casting are
cost effective. In general, particles with an average diameter of less than 10 pm or a
volume fraction above 20% are extremely difficult to introduce into a melt. SiC par-
ticles with an average diameter of 3.5 pm are a commercially viable, low-cost material
for reinforcing aluminum.

A cost-effective method was introduced to fabricate pure AMCs reinforced with
20% volume fraction of 3.5 m SiC particles by squeeze casting followed by hot extru-
sion. To lower the volume fraction of the composites, a mixed preform containing
pure aluminum powder and SiC particles was used. The suitable processing parame-
ters for the infiltration of pure aluminum melt into a mixed preform are as follows:
melt temperature 800°C, preform temperature S00°C, infiltration pressure 5 MPa, and
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Fig. 8.2 Typical
microstructures of A356 —
5 vol% SiCp (4 pm particle
size). (a) MC-cast.

(b) MC-HPDC

solidification pressure 50 MPa. The microstructure and properties of composites in
both as-cast and hot-extruded states were investigated. The results indicate that hot
extrusion can obviously improve the mechanical properties of the composites.

One of the most significant challenges for the processing of aluminum-based
thermal management materials is the formation of aluminum oxide at high tempera-
ture with the presentation of air at high temperature. Thus the central theme in the
manufacturing process is to isolate air from the process by utilizing a vacuum chamber.
It has been discovered that the formation of oxide is inevitable (Fig. 8.4a), and
extrusion could break the oxide into pieces. However, TEM images reveal that total
elimination is difficult to achieve.
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Fig. 8.3 Comparison of mechanical properties of A356/SiCp 4 um composites obtained from
different processes

Fig. 8.4 SEM photos showing the morphology of the AI203 phases in the SiCp/Al composites.
(a) As cast. (b) As extruded

The SEM photos in Fig. 8.4 show the morphology of the Al O, phases in the
SiCp/Al composites: Fig. 8.4a as cast, Fig. 8.4b as extruded. However, the morphol-
ogy of the AlO, phases both in as-cast and as-extruded composites was also
observed by the TEM (Fig. 8.5). The composition analysis using an EELS indicates
the existence of the Al O, phases.

Aluminum oxide formed at the surface of aluminum is undesirable because it
reduces the tensile strength and ductility. Once the oxide is formed, it can be broken
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Fig. 8.5 TEM images showing the existence of the A1203 phases in SiCp/Al composites. (a) As
cast. (b) As extruded

Table 8.4 Tensile properties of SiCp/Al composites

Material Tensile strength/MPa Modulus/GPa Elongation/%
As-cast composite 140 75 0.5
As-extruded composite 240 90 3.0

into small pieces by extrusion. The mechanical properties such as tensile strength
and ductility of such materials can be improved accordingly (Table 8.4).

8.3.4 Aluminum Silicon Carbide (AlSiC) for Advanced
Microelectronic Packages

A leader in developing AlSiC for thermal management applications is Thermal
Transfer Composites based in Hockessin, DE. The properties of typical AISiC
materials shown in Table 8.5 and product photos shown in Fig. 8.6 are used with
their permission.

8.3.5 Effects of Temperature on Pressure Infiltration of Liquid
Aluminum into Packed SiC Particles

It is well known that a minimum external pressure is required to infiltrate a liquid
metal into porous media in nonwetting conditions. The temperature at which
infiltration of ceramic preforms by liquid metals is carried out is one of the key
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Table 8.5 Properties of typical AlSiC materials by Thermal Transfer Composites

Property data AlSiC-1 AISiC-2  AISiC-3 AISiC-4 AISiC-5 AlSiC-6
Al wt% 63 55 45 42 40 22
SiC wt% 37 45 55 58 60 78
TC (W/mK) at 25°C 180 165 180 185 192 255
CTE (ppm/K) 10.9 7.2 6.4 7 6.9 4.8
Density (g/cm’) 29 2.94 2.98 3 3.01 3.1
Young’s modulus (GPa) 188 235 255 240 262 342
Poisson’s ratio - 0.23 0.24 0.23 0.25 0.23
Flexural strength, 4 pt bend (MPa) — 330 300 330 517 225
Specific heat at 25°C (J/gK) 0.81 0.74 0.74 0.74 0.74 0.71
Electrical resistivity (u€d.cm) 20.7 30-50  30-50  30-50  30-50  20-25

experimental variables in the fabrication of composites by means of pressure
infiltration. The threshold pressure P, for infiltration of pure aluminum into a variety
of ceramic preforms decreases with temperature.

Tian [17] reports on the effects of temperature on pressure infiltration of packed
SiC particles by liquid Al and the eutectic Al-12 wt% Si alloy over the temperature
range 923-1,273 K (Figs. 8.7 and 8.8). Below 1,173 K, the threshold pressure P, for
infiltration of pure Al slightly (and linearly) decreases with temperature. At that
temperature a sharp drop occurs, followed by a faster decrease of P,. The contact
angle h derived from the threshold pressure data shows a similar behavior.

8.3.6 High-Temperature (>200°C) Packaging of SiC Power
Converters Using Aluminum Silicon Carbide (ALSiC)

Silicon devices are limited to a 150°C junction temperature before derating, where
SiC devices can operate in excess of 400°C. Hopkins demonstrates that it is feasible
for a 60 kW air-cooled SiC, 3-phase converter to operate at 0.1 MHz using an AISiC
heat sink [18]. The converter operates from a 650 V dc bus and in an ambient tem-
perature of 150°C and lower. The converter can deliver 150 A peak/60 kW from a
650 V dc with a density of 1.1 kW/in.2. The converter operates from a 650 V dc bus
in an ambient temperature of 150°C. The primary SiC devices and packaging can
operate continuously at 350°C with high reliability.

This converter design is unique in that the mechanical reliability preceded the
electrical design. A paramount requirement is to minimize the dissimilarity in mate-
rial interfaces. A “nearly all” Al (aluminum) approach is taken to optimize design
and manufacturability. The AlSiC shown in Fig. 8.9 functions as a heat sink. The
top ten pieces are SiC devices. The next structures are aluminum conductors, the
third structure is an Al/ Si203 ceramic insulator, and the fourth structure is a heat sink
made of AISiC.
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Fig. 8.6 Pictures of AlSi
parts. (a) AlSiC IGBT base
plates. (b) AlSiC liquid-
cooled components.

(¢) AlSiC air-cooled
components. (d) AlSiC
packages by Thermal
Transfer Composites (Www.
thermaltc.com)
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Fig. 8.7 Threshold pressure P for infiltration of liquid Al and Al-12 wt% Si alloy into compacts
of SiC particles versus temperature T
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Fig. 8.8 Contact angle h derived from experimental results for threshold pressure for infiltration
of Al and Al-12 wt% Si into SiC compacts versus temperature T
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Fig. 8.9 Heat sink layout for inverter. The top ten pieces are SiC devices. The next structures are
aluminum conductor, the third structure is an Al/SiZO3 ceramic insulator, and the forth structure is
a heat sink made of AlSiC
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Chapter 9

Understanding Lasers, Laser Diodes, Laser
Diode Packaging and Their Relationship

to Tungsten Copper

Abstract The backbone of modern telecommunications is optical fibers. For each
end of every optical fiber, there is one laser or laser diode transmitting the light and
one photo detector to decode the signals. As Internet traffic expands and the trans-
mission distance increases, more and more designs are using higher and higher
power lasers or laser diodes. Once again this development calls for better thermal
management designs and better thermal management materials. This chapter serves
as a layman’s introduction to lasers, laser diodes, and laser diode packaging. Within
the thermal management scope, the use of copper tungsten is examined in detail. As
technology evolves, the introduction of newer and more advanced material will take
place of copper tungsten materials.

9.1 WhatIs a Laser?

Light amplification by stimulated emission of radiation, or laser for short, is a device
that creates and amplifies electromagnetic radiation of specific frequency through a
process of stimulated emission. In laser, all the light rays have the same wavelength
and are coherent; they can travel long distances without diffusing.

To understand how lasers work, we must understand how an atom gives out light.
An atom is among the smallest particles in the world, and it contains electrons.
When extra photons are introduced into an atom, the atom’s electrons are forced to
move to a higher energy level, and now the atom is in an excited state. However, the
excited atom is unstable, and the electrons try to return to their ground state, thereby
releasing as photons of light radiation the excess energy they originally gained.
This process is called spontaneous emission (Fig. 9.1).

The laser contains a chamber in which atoms of a medium are excited, bringing
their electrons into higher orbits with higher energy states. When one of these elec-
trons jumps down to a lower energy state, it gives off its extra energy as a photon
with a specific frequency. When more photons are introduced into the system, the

G. Jiang et al., Advanced Thermal Management Materials, 123
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photons will eventually encounter another atom with an excited electron, which will
stimulate that electron to jump back to its original state, emitting two or more pho-
tons with the same frequency as the first and in phase with it. This effect cascades
through the chamber, constantly stimulating other atoms to emit yet more coherent
photons, and this process is called stimulated emissions. In other words, the light
has been amplified, as shown below in Fig. 9.2.

Furthermore, mirrors at both ends of the chamber cause the light to bounce back
and forth across the medium. One of the mirrors is partially transparent, allowing
the laser beam to exit from that end of the chamber. By maintaining a sufficient
number of atoms in the medium by an external energy source in the higher energy
state, the emissions are continuously stimulated, and this process is called popula-
tion inversion. Ultimately, it creates a stream of coherent photons, which is a very
concentrated beam of powerful laser light. Lasers have many industrial, military,
and scientific uses, including welding, target detection, microscopic photography,
fiber optics, surgery, and others.

9.2 Types of Laser

There are many different types of laser. What follows is a list of the five major
types.

1. Gas lasers — e.g., HeNe gas laser and CO, lasers that emit hundreds of watts of
power. They are usually used for cutting and welding in industry.

2. Chemical lasers — powered by chemical reaction, which permits large amounts of
energy, mainly for military use and of very high wavelength; e.g., 2,700 nm
hydrogen fluoride laser.
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3. Solid-state lasers — optically pumped using a solid medium that is doped, such as
ion-doped crystalline or glass. An example would be a laser pointer.

4. Fiber lasers — light is guided by internal reflection in an optical fiber. These lasers
are widely known today for their high output power and high optical quality as
well as long life span. This is due to the properties of fibers that have a high
surface-area-to-volume ratio, which allows for efficient cooling when supporting
kilowatts of continuous output power. A fiber’s wave-guiding properties help
maintain signal strength and minimize distortion. Today, fiber lasers are widely
used for telecommunications that spread across regions several kilometers long.

5. Semiconductor lasers — electrically pumped

(a) Light-emitting diodes (LEDs) - in a diode formed from a direct band-gap
semiconductor, such as gallium arsenide, carriers that cross a junction emit
photons when they recombine with the majority carrier on the other side.
Depending on the material, wavelengths (or colors) from the infrared to the
near ultraviolet may be produced. All LEDs produce incoherent, narrow-
spectrum light. LEDs can also be used as low-efficiency photodiodes in sig-
nal applications. An LED may be paired with a photodiode or phototransistor
in the same package to form an opto-isolator.

(b) Laser diodes - when an LED-like structure is contained in a resonant cavity
formed by polishing the parallel end faces, a laser can be formed. Laser
diodes are commonly used in optical storage devices and for high-speed
optical communication.

9.3 A Closer Look at Laser Diodes

A laser diode is a laser where the medium is a semiconductor formed by a p-n junc-
tion (Fig. 9.3) and powered by electric current. For different types of laser diode
structures, see Appendix 3. Basically, a laser diode is a combination of a semicon-
ductor chip that emits coherent light and a monitor photodiode chip for feedback
control of power output in a hermetically packaged and sealed case.

The semiconductor materials that are used to create p-n junction diodes that emit
light today are g, indium phosphide, gallium antimonide, and gallium nitride. The
reason that these are used is because of the three-five compound properties in the
periodic table of elements. The materials must be heavily doped to create P — N
regions, which rules out others, leaving the three-five groups with the ideal options.

Table 9.1 gives several typical substrate materials used in various laser
applications.

Their wavelengths can be adjusted by changing the ratio of composition. For
instance, the wavelength of a laser beam produced by an InP substrate can be
increased by increasing the indium content or lowering the phosphate content per-
centage. A longer wavelength usually indicates a longer travel distance.
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Fig. 9.3 A laser diode converts electrical energy into energy in the form of light (credit to
Explainthatstuff.com)

Table 9.1 Laser substrates, their wavelength ranges, and applications

Laser diode

substrate material Typical wavelength (nm) Applications
GaN/InGaN 350-500 (UV - blue) Blu-ray disc, biomedical fluorescence
GaAlAs/GaAs 530-980 (red, near-infrared) DVD, CD, biomedical, printing,

industrial aligning, sensing,
cosmetics, laser projection,
bioanalysis (spectroscopy)
InP/InGaAsP 900-1,650 (infrared) Range-finder, fiber optics, telecom-
munication, data transmissions,
network, optical pumps

Laser diodes are numerically the most common type of laser, with 2004 sales of
approximately 733 million units, as compared to 131,000 of other types of lasers.
Laser diodes find wide use in telecommunications as easily modulated and easily
coupled light sources for fiber-optics communication.

9.3.1 Laser Packaging

To protect laser diode materials or any laser devices from mechanical and thermal
stress, because the laser material, for example, gallium arsenide is very fragile, laser
packaging is required for virtually all laser diodes or other laser devices. If we imagine
the laser diode as a pizza, the packaging mount serves the purpose of pizza box that
holds the pizza inside.

Additionally, the hermetic package sealing method prevents dust or other con-
taminations from entering the laser; smoke, dust, or oil can cause immediate or
permanent damage to a laser. Most importantly, as technologies advance, the
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Fig. 9.4 Integration of Laser Chip
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emergence of high-power diode lasers requires a sophisticated packaging design to
help release the heat dissipated during operation through submounts and mounted
heat sinks.

Usually, the laser die is mounted on a submount of material with a similar
coefficient of thermal expansion (CTE) that matches the CTE of the die. The sub-
mount serves as a heat spreader, which gets further mounted onto a thermal elec-
tric cooler (TEC) for rapid heat transferal. The entire assembly is then mounted
onto a pure copper or copper/tungsten heat sink for advanced heat dissipation and
cooling (Fig. 9.4).

High-power laser diode or laser devices convert electrical energy into light energy
at about 10-50 % efficiency. The remaining energy is generated as waste heat and
must be dissipated within a short amount of time or else it will cause thermal stress on
the laser diode bar and eventually cause irreversible damage to the laser.

Inefficient cooling packaging design will result in poor product quality as the
temperature of the device core has a direct influence on output wavelength and band
gap. It has been proven in practical situations that for every 3 °C of change, the
wavelength of the diode laser can change by nearly 1 nm. Also, the output power of
the laser will decrease as temperature increases.

To help dissipate the heat, the conventional method of laser diode packaging is to
solder a laser bar onto a heat sink that is made of copper due to its high thermal
conductivity (TC), that is, faster heat transfer. Traditionally, soft indium solder is
used to bond a heat sink to a laser material like gallium arsenide (GaAs) because the
CTE of copper does not match that of the laser material well enough. Indium has a
higher ductility than copper and provides greater reliability for continuous wave
(CW) and quasi-continuous wave (QCW) operations.

Definition of Continuous Wave (CW) and Quasi-CW:

1. CW — continuous wave operation of a laser means that the laser is continuously
pumped and continuously emits light. The emission can occur in a single resona-
tor mode (— single-frequency operation) or in multiple modes.

2. QCW (pulsed) - In continuous-wave operation, some lasers exhibit too strong
heating of the gain medium. The heating can then be reduced by QCW operation,
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where the pump power is only switched on for limited time intervals. QCW
operation of a laser means that its pump source is switched on only for certain
time intervals that are short enough to reduce thermal effects significantly but
still long enough that the laser process is close to its steady state, i.e., the laser is
optically in the state of CW operation. The duty cycle (percentage of “on” time)
may be, e.g., a few percent, thus strongly reducing the heating and all the related
thermal effects, such as thermal lensing and damage through overheating.
Therefore, QCW operation allows an operation with higher output peak powers
at the expense of lower average power.

A pulsed operation with significantly shorter pumping times, where an optical
steady state is not reached, is called gain switching.

QCW operation is most often used with diode bars and diode stacks. Such
devices are sometimes even designed specifically for QCW operation: their
cooling arrangement is designed for a smaller heat load, and the emitters can be
more closely packed in order to obtain a higher brightness and beam quality.
Compared with ordinary CW operation, additional lifetime issues can result
from QCW operation, related, e.g., to higher optical peak intensities or to fre-
quent temperature changes.

Some doped-insulator solid-state lasers are also operated in QCW operation.
Such lasers are sometimes called heat capacity lasers.

QCW operates at typically higher frequency kHz (ns-ms pulse) compared to
pulsed Hz. Mostly, QCW is used to extend battery life or reduce heat. QCW and
pulsed Hz are usually implemented by adding a laser diode driver to control the
input for different applications.

However, the repeat on-off cycle/hard pulse in laser operations can cause
mechanical stress, which leads to material cracking/indium migration and, fur-
ther, to failure. It happens in direct diodes and solid-state pump diodes. Usually,
low-power lasers can last longer before quitting. High-power lasers often
encounter such issues and fail much quicker, as they have much larger contact-
ing surfaces between die and heat sink; thermal expansion of heat sinks is always
a major issue.

With increasingly advanced technology, many laser R&D companies have
developed more sophisticated high-power and high-performance diode laser
arrays suitable for both CW and QCW operations. CW and QCW powers in excess
of 900 W have been demonstrated at various laser companies, e.g., Princeton
Optronics. Yet, the mounting of these laser bars still has not changed much in
performance in terms of, e.g., heat conduction, resistance, and expansion. While
the higher thermal conductive copper heat sink submount offers a cost-effective
solution, the mismatching thermal expansion rate with laser materials remains an
issue, and the problem is being magnified as devices start to produce more heat.
The reason for this is that the material property of copper, which tends to expand
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as temperature increases, causing mechanical stress on the laser diode. Apparently,
a pure copper heat sink can no longer keep these products within thermal expan-
sion tolerance.

9.3.2 Tungsten Copper as Submount and Heat Sink

Tungsten copper, alternatively, provides a much lower thermal expansion rate
compared to pure copper while maintaining a necessary thermal conduction rate.
Tungsten copper is a copper and tungsten alloy that usually consists of 10-50 % of
its weight in copper and the remaining portion in tungsten. The higher the tungsten
content, the lower its thermal expansion rate is.

The copper/tungsten heat sink submount with gold/tin solder is a very cost-
effective method that provides both good TC and thermal expansion that matches
those of the silicon ceramic and gallium arsenide materials used to make cir-
cuits for semiconductors and for both high-power and low-power laser diodes
and bars.

Shown below are comparison graphs with descriptions by Dr. Yuen from coher-
ent.com. One can clearly see that the tungsten copper significantly helped increase
the laser die chip lifetime during operations (Fig. 9.5).

The current trend of increasing die size and power dissipation requirements
has made CuW the ideal material of choice for laser diode packaging. In addi-
tion, the conventional CuW heat sink submount provides a TC of 180-230 W/
mK with a CTE of 6.5-9.0 ppm/deg. C that matches the die of laser diodes. And
with newly improved solutions such as the finite boundary value method and
functionally graded materials, the TC of copper tungsten can be pushed up to
approximately 320 W/mK. All of these thermal management solutions can be
pursued and achieved using tungsten copper, which is one of the most common,
readily available materials.
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Fig. 9.5 The lifetime is seriously degraded in QCW/pulse laser operations (a), while the lifetime
is significantly better using an improved submount made from CuW (b)
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9.3.3 Tungsten Copper as Submount and Heat Sink
in High-Power Diode Arrays

The technologies for high-power diode lasers have been rapidly developing in recent
years; however, packaging technology remains a bottleneck for the advancement of
high-power semiconductor lasers.

In addition to the usage of a CuW submount in single-emitter laser packaging
applications, tungsten copper is also a thermal management solution for high-power
diode lasers, which are created by combining several single emitters in an array.
These high-power diode arrays are applicable in pumping solid-state laser systems
for industrial, commercial, military, and medical applications as well as material
processing applications such as welding, cutting, and surface treatment.

Shown below in Fig. 9.6 is a picture comparison between a single emitter and an
array of emitters.

Clearly, the array is a combination of multiple single laser diodes; therefore,
more power and heat are produced. Also, the multiple beams emitted form a near
field and its linearity (or “smile”) are an important parameter in determining the
overall coupling efficiency between the diode lasers and the fiber or optic lens. The
near-field linearity depends largely on the degree of CTE mismatch between the die
and bonding materials, which will be discussed later.

In simple words, the performance and longevity of the laser array depend largely
on the thermal management of the laser package. To achieve high efficiency and
high power, the heat sink submount must have the capability of transferring heat at
a very fast speed while maintaining a relatively close thermal expansion rate with
the die material. Tungsten copper is often used in situations like this due to its high
TC and good CTE match with that of die material (GaAs) and to its electrical active
property of acting as a P-side. The CuW submount is often bonded to a pure copper
or thermal electric cooler for advanced heat dissipation.

9.3.4 CuW in Comparison with AIN and BeO in Submounts

Typically, CuW, AIN, and BeO are used as submounts in packaging laser diodes.
The CuW material is a metal composite, while the AIN and BeO composites are

Single Laser Diode Laser Diode Bar / Heatsink

Qutput Beam

Fig. 9.6 Image of diode laser bars consisting of multiple single emitters on a single substrate
(from Coherent.com)
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Table 9.2 Advantages and disadvantages of three composite materials

CuW AIN BeO
CTE (ppm/deg. C)  6.5-9.0 4.5 7
TC (W/mK) 180-230 170-200 280
Density (g/cm?) 14.9-17 33 2.9
Material Metal composite, Ceramic, electric Ceramic, electric
information electrically conductive, insulation, good insulation, high
can act as P-side high-frequency TC, CTE matches
in P-N junction, response’, CTE well that
strong and durable, matches well that of GaAs, toxic
CTE matches of InP, easy for
well that of GaAs gold plating
(tracing) for
programming
diode

*AlIN is suitable for high-frequency wave applications due to its ceramic material property; it helps
minimize signal distortion and interference

Fig. 9.7 (a) Enlarged “smile” of a good diode-laser array. (b) Examples of various “smiles” due
to CTE mismatch between diode-laser arrays and bonding submount/heat sinks

ceramic; they serve different purposes. The CuW composite is typically used for
heat-spreading purposes, while AIN and BeO are dielectric materials that are used
for electrical insulation purposes. Table 9.2 compares the pluses and minuses of
each material selection.

The CTE plays an important role in determining the overall performance and
degradation time of diode laser products. Materials expand in size due to increas-
ing temperature. A slight degree of CTE mismatch could cause a “smile,” which
will result in poor laser performance. A “smile” is a nonlinearity of the near field
of emitters. Shown below on the left is an image of a typical good diode-laser array
in comparison with images of diode-laser arrays that have various “smiles” from
Dr. Liu’s experiment (Fig. 9.7).
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A high degree of CTE mismatch between bonding materials can cause a laser die
to crack during sintering or brazing. To prevent such a catastrophe, the CTE of
bonding layers should always have a close match to the that of the laser die.
Sophisticated thermal management helps the device maintain a strong signal and
better product quality.

9.4 Types of Laser Diode Packaging that Require
CuW Material

1. C-mount packages
These are used for lasers and laser-based systems, laser measurement and con-
trol, and precision optics. Typical wavelength is from 680 to 980 nm, with output
power rating up to 7 W (Fig. 9.8).

The laser diode is directly soldered onto the copper-tungsten heat sink, which
acts as a P-side, and the other side of the diode cavity is a wire bonded to a metal
contact, which is the cathode. The hole in the middle is used for mounting
purposes.

2. TO3 package
There are six to eight pins. The base material is either CRS or CuW (Fig. 9.9).
3. VCSEL submodule package
The vertical-cavity surface-emitting diode lasers are have become popular over
the past three decades due to their low cost and high reliability.

They are a great choice for short-range data communications and networks.

Their output power and wavelength vary depending on application requirements.

Shown below on the right is the architecture of a VCSEL; the P-contact is a
submount that is usually made of heat sink materials that have high TC whose
CTE closely matches the CTE of a GaAs die substrate such as CuW or CuMo
(Fig. 9.10).

Laser diode N-contact

CuW submount

Fig. 9.8 C-mount laser diode
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Fig. 9.9 Image of TO3 packages
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Fig. 9.10 On the left is an image of a high-power VCSEL submodule package from Princeton
Optronics. Submount is 2 x2 mm and output power is >2 W

4. BTF (Butterfly) package
The butterfly package is the standard format for optical telecom transmissions and
laser diode pumps. Below is a typical 14-pin butterfly package, in which the laser die
sits on an AIN submount. The AIN submount is mounted on a TEC, which is attached
to a baseplate made of CuW, Kovar, or CuMo (Fig. 9.11).

5. Mini-DIL package
The dual in-line (DIL) package is promising for telecomm applications and usually
has six to eight pins. The base can be various: CuW, CRS, or alumina (Fig. 9.12).
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Fig. 9.11 Sample butterfly package

Fig. 9.12 Mini-DIL package

6. TOSA package
TOSA/ROSA packages or transmitter/receiver optical subassemblies are mainly
for use with transceivers and transponders for data transmission purposes. Shown
below is an example from Hitachi-Hitech. Their bases are typically made of copper
tungsten to accommodate heat dissipation (Fig. 9.13).

7. HHL package
High heat load (HHL) packages are the largest standard laser diode packages avail-
able. They are designed for high-power diode laser applications and usually have
nine pins. The base material can be various: Kovar, CuW, or CuMo (Fig. 9.14).
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Fig. 9.13 Sample TOSA package

Window Lens Lens Holder
Sapphire-AR Coated Kovar

Fig. 9.14 Architecture of HHL package

Package Frame
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White Al203

Base
Tungsten Copper

Frame Buffer Ring
OFHC Copper

8. Golden/Silver Bullet Laser Array Submodules (ASM package)
Application: Typically used for solid-state laser pumping
Typical wavelength: 803-808, 880, 885, or 940 nm (golden bullet package)

800-1,550 nm (silver bullet package)
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Fig. 9.15 Top: golden bullet
packages; bottom: silver

bullet packages. There are

one-bar, two-bar, and f

three-bar designs / /
f

Output power: 20-40 W (CW), 50-300 W (pulsed)
The base is usually of ceramic coolers, whereas the end blocks on both sides
are made of CuW for both thermal and electrical conduction (Fig. 9.15).
9. CCP package (CS-mount)
Application: Conduction-cooled packaging (CCP) method for diode laser bar,
used in laser systems or direct-diode application.
Typical wavelength: 806, 880, 885, or 940 nm
Output power: 2040 W (CW), 100-1,600 W (pulsed)
Typical material layer schematics:

Shown above is an example of laser die bonding in a CS-type mount; a CTE-
matched submount is added between the die and the heat sink to serve as a buffer
layer. The diode bar is bonded to a CuW submount using gold/tin solder, which
is mounted on a copper heat sink, acting as the P-side. The N-side is wire-bonded
to the P-side. The typical output power is 60—300 W in either CW or QCW
mode, making it well suited for solid-state pumping, direct-diode material pro-
cessing, medical, reprographics, and illumination applications (Fig. 9.16).

10. CCP stacks (G-mount)
Applications: The high output power is suitable for military, range finding, sens-
ing, and medical applications.
Typical wavelength: 808, 880, 885, or 940 nm
Output power: 20 W (CW), 100-5,200 W (pulsed)

Below is the architecture of Coherent’s Vertical diode laser array. Each diode
bar is soldered to the CuW submount with AuSn solder on the P-side. The
N-side is connected with indium solder (Fig. 9.17).
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Fig. 9.16 Schematics of CS-mount
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Fig. 9.17 Architecture of Coherent’s 7-bar vertical array. Maximum peak power: 1,400 W

(200 W/bar)

The submount is made of CuW composite due to its perfect thermal expan-
sion match with the laser diode material (GaAs). The BeO layer allows for quick
heat transferal onto the copper heat sink, while helping to maintain electrical

insulation between the diode and the heat sink.
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Fig. 9.18 Microchannel cooled diode-laser array

11. Microchannel cooled package (MCCP)

Application: The high output power achieved by these packages can be used in
laser pumping, military (range finding, light detecting), or medical applications.
Typical wavelength: 806-808, 880, or 980 nm
Output Power: 40-250 W

Due to the excellent thermal and electrical conduction of the CuW submount
and the close CTE match with that of the die material GaAs, the MCC package
allows stacking of several high-power laser diodes in an array using gold/tin
solder, and the subassembly is then cooled using water cooling channels, as
shown below (Figs. 9.18 and 9.19).

9.5 Conclusion

CuW has been used recently in many places in laser packaging, especially in die
chip submounts and heat sinks. Other techniques of joining copper tungsten to other
metals such as Kovar to form miniature heat sinks, subcarriers, or subassemblies
suit applications that require lightweight design. As higher power laser diode devices
emerge, the requirements for diode laser mounting will increase. Due to the current
technology trend in developing higher power diode lasers, the mounting substrate
or heat sink has a significant impact on the performance of the diode laser system.
Materials that were previously used cannot satisfy the thermal management require-
ment of diode lasers nowadays. Fortunately, copper tungsten provides high reliabil-
ity for enclosing electronic material from the outside environment and provided an
improved TC for mounting and integrating high-power laser diode devices.
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Fig. 9.19 Example of a 6-bar MCC package from NG/CEO. Available both in CW or QCW bars
with maximum power rating of 1,800 W
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Chapter 10
Future Trend of Advanced Thermal
Management Materials

Abstract The R&D work in advanced thermal management materials is active and
ongoing. It is difficult to cover all related research results. In this chapter, we select
a few common materials used in microelectronics packaging to review future trends.
While most material is typically of a homogeneous structure, Cu/Mo70Cu/Cu is
not. As discussed in an earlier chapter, this material (typically at 1:4:1 ratio) has a
coefficient of thermal expansion in the X-direction of 7.2 ppm/°C and 9.0 ppm/°C.
It was used successfully for long and this die attaches such as laterally diffused
metal-oxide semiconductor. Within the realm of composite materials, carbon nano-
tubes and aluminum matrix composite materials (with graphite or SiC) have attracted
a lot of interest due to their potential thermal properties. Lastly, the development of
an injection moldable polymer is also reviewed.

10.1 Future Trends in Metal Matrix Composite (MMC)
Thermal Management Materials

10.1.1 Adjustable CTE and High-TC Thermal
Management MMCs

Here we illustrate the unique requirements of heat sinks using packaging of a
laterally diffused metal-oxide semiconductor (LDMOS) as an example. There are
two major structural categories of RF MOSFETSs in use today: double-diffused
metal-oxide semiconductor (DMOS) and LDMOS. Both of these MOSFETSs are
composed of three terminal devices (assuming substrate shorted to source),
commonly identified as the source, gate, and drain, where the voltage on the gate
controls the current flowing from the drain to the source. The most common circuit
configuration for these devices is the common source (CS) configuration. Other
configurations are used, but under the CS configuration the drain is connected to the
high DC voltage, while the source is grounded.

G. Jiang et al., Advanced Thermal Management Materials, 141
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Fig. 10.1 LDMOS heat sink package

In contrast to the LDMOS, the DMOS structure consists of an n-type substrate
on which is grown an n-type epitaxial layer that forms the large drain region. The
gate region is formed on the surface that overlies the graded p-type body implantation
and diffusion area. The source regions are implanted and diffused on either side of
the gate to form two separate transistors with a common drain region.

Another fundamental difference between the DMOS and LDMOS is the character-
istic of the source connection to the outside world. The source of a DMOS is located
at the surface of the die, while the drain is formed by the substrate region, and there-
fore wire bonds must be used to connect the source to the external circuitry. These
wire bonds form a dependent frequency element reducing gain at high frequencies
due to negative feedback. In addition, the common surface connection dictates that
insulating material (BeO or Al,O,) can be used to isolate the drain. This insulating
material has a thermal impedance that must be considered for power dissipation.
The source of the LDMOS is also on the surface; however, its common connection
is formed by diffusing a highly doped p-type region, which acts like an ohmic connec-
tion from the source at the surface of the substrate, eliminating the need for parasitic
wire bonds. This method also eliminates the ceramic interface (that exists in DMOS)
and improves the junction to case thermal resistance and, therefore, relieves some
of the associated power dissipation issues.

In the case of DMOS, the insulating material (BeO or Al,O,) must be bonded to
a heat sink assembly; in the case of LDMOS, the semiconductor substrate must be
bonded to a heat sink assembly. And here is one of the great challenges in micro-
electronics packaging and optoelectronics packaging — the matching of the CTE of
dielectric material and substrate materials to those of the heat sink material. Because
there are varieties of dielectric material and substrate materials with very different
CTEs, it is desirable to have heat sink materials that have CTEs that can be adjust-
able to minimize the manufacturing cost. Further, because the LDMOS has a strip
structure, it is desirable to have a heat sink material that has a high in-plane TC. The
Cu/CuMo/Cu (CPC) laminated composite material is well suited for this kind of
application (Fig. 10.1).
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10.2 Future Trend of Reinforced MMC Thermal Management
Materials for Microelectronics and Optoelectronics

10.2.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are among the strongest structures theoretically possible;
they have an axial TC approaching 3,000 W/mK and conduct heat exceptionally
well along their axes. Tubes are highly resistant to degradation from heat and
chemicals. Many tubes show “ballistic transport” of electrons. CNTs, and double-
wall nanotubes (DWNTS5) in particular, are the world’s most efficient producers of
field emission electrons. Various research efforts have concentrated on making
composites using CNTs as reinforcement. However, the enhanced thermal transmis-
sion properties of CNTs have not improved the thermal transmission properties of
the composite yet. CNT properties are summarized in Table 10.1 [1, 2].

10.2.2 Aluminium/Diamond Composites

Al/diamond composites exhibit a high TC of 550-650 W/mK, a CTE of 7.5 ppm/°K,
very low density of 3.1 g/cm?, and a melting point of 650°C [3]. They are produced
using high-pressure squeeze casting using temperature conditions slightly over the
melting point of Al. After sintering to close-to-net shape, parts can be machined
using conventional surface grinding or wire/sink EDM. Ni and Au plating have
been demonstrated for these composites. The use of synthetic diamond at about
$140/1b has reduced the cost structure of these composites. Secondary machining
and surface preparation constitute the main cost component for these heat sinks.
EDM’ing of through holes and other dimensional features to+0.001” has been
demonstrated. The surface finish is rough, approximately 400 pin. Precision
flatness would require the use of an Al “skin.” The feasibility of this technology
has been demonstrated. Several parts have been produced in limited quantities,
though industrial scale has not been reached. These composites provide an attractive
cost/performance ratio indicator.

Other composites using diamond as reinforcement and Cu, Co, Ag, Mg, and Si
as matrix have also been produced exhibiting high TC, low density, and low CTE.
Properties are shown in Table 10.2 [1]. The use of SiC as matrix for diamond com-
posites is also an attractive formulation.

Al/diamond/graphite composites have also been developed to package silicon
carbide (SiC)-based power-switching devices to enable the next generation of
high-torque electric motor drives to operate at 200-300°C without the need for
active cooling.

The integrated high TC Al/diamond/graphite base plates house high-performance
IGBTs. DBC ceramic substrates may be used to carry power-switching devices and
can be integrated into the Al/diamond base plate, thereby eliminating the low-reliability
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Table 10.2 High-performance diamond composites [1]

Inplane TC Through TC CTE Density
Matrix Reinforcement TC (W/mK) (W/mK) ppm/°K glem?
Al Graphite flake 400-600 80-110 4.5-5.0 2.3
Al Diamond particle 550-600 550-600 7.0-7.5 3.1
Al Diamond and SiC part 575 575 5.5 -
Cu Diamond particle 600-1,200 600-1,200 5.8 59

solder interface used in commercial power modules. These substrates can be directly
integrated with a passively cooled heat sink and enable at least 5x reduction of
thermal resistance from heat sink to the device junction.

A low thermal resistance packaging/die attachment technique based on transient
liquid phase (TLP) bonding and capable of withstanding high temperatures is
allowed by the use of SiC devices and achieves significant reduction of the tempera-
ture gradient between the junction and the ambient. The TLP approach achieves 10x
reduction in thermal resistance compared to soldered attachments and improved
reliability due to increased resistance to the formation of voids under thermal and
power cycling conditions. The final package solution allows the manufacture of
power modules within custom enclosures without requiring active cooling. These
packages are intended for three-phase motor inverters. Robust power modules
consisting of silicon IGBT power-switching devices that allow maximum junction
temperature rise to 175 °C, and SiC Schottky diodes capable of operating at high
junction temperatures up to 300 °C are used. The SiC Schottky diode section of the
power module is cooled via natural convection only while the silicon IGBT can be
passively cooled or air-cooled depending on the application. The passively cooled
hybrid power module allows substantially larger output power delivered to the
motor, as compared to the current state-of-the-art power modules. This is due to
reduced thermal resistance and reduced losses in the Si IGBT and SiC diodes due
to elimination of reverse recovery losses. Several hybrid power modules can be
paralleled to achieve higher output power.

This advanced packaging technology will allow for hybrid power modules con-
sisting of SiC Schottky diodes and Si IGBTs. The power module layout will be
designed such that the SiC power switching devices can be drop-in replacements
(with minor modifications in the gate drive circuitry) for the Si IGBTs. These are
becoming more available.

SiC-based power-switching devices such as MOSFETs and IGBTs with high
current ratings are currently in the research-and-development stage and are not
widely commercially available. The technology to fabricate high current SiC
Schottky diodes, however, is quite mature and diodes with current ratings greater
than 20A are commercially available. SiC Schottky diodes do not exhibit the reverse
recovery behavior observed in Si PiN diodes. Reverse recovery loss contributes to
60-70 % of the power loss in a switching device during turn-on. Hence, replacing
just the Si PiN diodes by SiC Schottky diodes significantly reduces the power loss
in the switching devices, resulting in a substantial improvement in efficiency.
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Reduced power loss in the switching devices also results in reduced junction
temperature rise, simplified cooling, higher power density, and greater reliability.
The switching loss in the IGBTs can be reduced by 2x by elimination of diode
reverse recovery. These inverter modules will be used in a modular design to
produce 50- to 100-kW motor drives.

10.3 Injection Molded Polymer Materials for Microelectronics
and Optoelectronics

Low cost microinjection molding technology is under development, and Fuh et al.
have proposed an integrated manufacturing methodology to use micromolding
techniques and electroplating processes to fabricate 3D structures combining anten-
nae, splitters, waveguides, and other passive mechanical components in a batch
process fashion. The dramatically different architecture as compared to the tradi-
tional system is the batch process to reduce the manufacturing cost. To make a
versatile front-end manufacturing process, we propose to build plastic manufacturing
modules, including plastic molding, embossing, mechanical polishing, assembly,
and bonding processes as shown in Fig. 10.2. This process eliminates the current
manual-assembly requirement of bulky mechanical reflectors and phase-shifters/
amplifiers in single-mode millimeter-wave waveguides to reduce cost, size, and
operation power. The key advantage of this process as compared with other pro-
cesses, such as stereolithography or EFAB [3-5] is that this approach is better suited
for millimeter-wave systems, such as antennae, waveguides, and coaxial transmission

Fig.10.2 Cross-sectional views of various process modules for the 3D, plastic-metal manufactur-
ing process for integrated millimeter-wave systems, including (a) molding or embossing of plastic
substrates, (b) electroplating of metals, (¢) mechanical surface polishing, (d) new polymer filling,
polishing, metal lift-off, or patterning, and (e) assembly and bonding for integration. Two millime-
ter-wave components are shown, including a 3D coaxial transmission line and a rectangular
waveguide.
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Fig. 10.3 Fabrication example of proposed process modules. The horn-shaped antenna is to be
fabricated as part of the integrated system. The second layer substrate is molded to have the desired
rectangular waveguide shape and bonded with the first layer (a). An electroplating process is con-
ducted and followed by a mechanical polishing process to clean the metal on the surface as shown
in (b). The third layer is first molded to have the desired shape as illustrated and the back of the
layer is deposited and patterned with a layer of metal to provide the top surface of the waveguide
structure. It is then bonded with the system and a reshape mold is applied to define the horn
antenna in (c). The system is completed by final electroplating and polishing process in (d)

lines. First, these components are relatively big 3D structures (up to the millimeter
range), and it would take a rather long processing time for the competitive thin-
layer processes to construct these structures. Second, multiple alignment steps are
expected by using thin-layer-based processes such that the sidewalls of waveguides
are expected to be rough. A “three-thick-layer” architecture for the 3D antenna
array can be fabricated based on the process modules as illustrated in Fig. 10.2. The
proposed thick-layer manufacturing process is versatile and can be applied to
devices beyond this work. For example, the two fabrication examples in Fig. 10.2 of
circular coaxial and rectangular waveguides use “two-thick-layer” structures.
Another example of a three-thick-layer architecture for the 3D antenna array
can be fabricated based on the same process modules as illustrated in Fig. 10.3,
where the horn-shaped antenna is to be fabricated as part of the integrated system.

Figure 10.4 illustrates a further embodiment of a schematic 4 x4 millimeter-
wave radar system using the rectangular waveguide and waveguide-based compo-
nents in the feeding networks. For W-band systems, the dimension of a waveguide
is 2.54x1.27 mm? and the fabrication process is typically done by precision
machining on a metallic block followed by brazing a metallic cover to enclose the
waveguide. In the new polymeric molding process as illustrated in Fig. 10.4, an
aluminum mold insert is fabricated by mechanical machining processes and used to
shape a polymeric substrate in the molding process to form an open waveguide at a
temperature above the glass transition point of the chosen polymer. The polymeric
replica is then detached and a metallic seed layer, such as 200 A/6,000 A Cr/Pt, is
sputtered for the electroplating step. A second substrate is sputtered with the same
seed layer and is clamped on top of the first substrate to cover the open waveguide
structure. The clamped combination is then immersed into a gold electroplating
bath to deposit an 8-pum-thick gold layer. The selective electroplating process also
metallically seals the waveguides.
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Fig. 10.4 A 4x4 beam-former horn array illustrating the architecture of the 3D millimeter-wave
radar system. (a) Top view showing main system components including horn array antennas.
(b) Sectional view showing waveguides, couplers, T-junctions, and resonant cavities

The fabrication process of polymeric MEMS millimeter-wave systems can be
classified into low- and high-aspect-ratio operations according to the structural
geometries of the various components. For low-aspect-ratio components such as
waveguides and waveguide-based iris filters, the process is illustrated in Fig. 10.5a—c,
where micromolding, selective electroplating, and assembly processes are routinely
used. High-aspect-ratio structures such as waveguide-fed horn antennae use a self-
aligned 3D hot embossing molding process, followed by two-step selective sputter-
ing (front and back side of polymer substrate) and in-channel electroplating
(Fig. 10.5d—f). There are two key technology challenges that will require careful
investigation. First is the plastic-to-plastic bonding process in which the bonding
strength and integrity is of great importance. This critical metal bonding process is
accomplished by the application of selective electroplating and bonding process
developed previously [5, 7].
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Fig. 10.5 Fabrication process of typical polymeric MEMS millimeter-wave components. Low-
aspect-ratio components such as waveguide and waveguide-based iris filters and polymeric wave-
guides are illustrated in (a)—(c). In process (a), a polymer substrate is molded to create the
waveguide shape. (b) Selective electroplating to deposit metallic seed layer. (¢) A second polymer
substrate is assembled by means of selective electroplating and bonding process. High-aspect-ratio
structures such as waveguide-fed horn antennae are fabricated in steps (d)—(f). (d) Front-side and
back-side views of a polymeric substrate fabricated by means of self-aligned 3D hot embossing
process using both front-side and back-side mold inserts. (e) Selective seed layer deposition in the
front and back side. (f) A second polymer substrate is assembled by means of selective electroplat-
ing and bonding process
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