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(ABSTRACT)
Almost all electronic devices require efficient conversion of electrical power from one form to
another. Electrical power is used world wide at the rate of approximately 12 billion kW per hour
[1]. The Center for Power Electronics Systems at Virginia Tech was established with a vision to
develop an integrated systems approach via integrated power electronic modules (IPEMs) to
improve the reliability, cost-effectiveness, and performance of power electronics systems [2].
IPEMs are multi-layered structures based on embedded power technology and offer the advantage
of three-dimensional (3D) packaging of electronic components in a small and compact volume,
replacing the traditional wire bonding technology. They have the potential to offer reduced time
and effort associated with developing and manufacturing power processors. However, placing
multiple heat generating chips in a small volume also makes thermal management more
challenging. With the steady increase in the heat density of the electronic packages during the last
few decades, thermal management is becoming a key enabling technology for the future growth
of power electronics. The focus of this work is on using computational analysis tools and
experimental techniques to assess fundamental and practical cooling limitations on IPEMs,
developing both passive and active integrated thermal management strategies, and creating design
guidelines for IPEMs based on both thermal and thermo-mechanical stress considerations.
Specifically, a commercially available finite element package is used to create a 3D geometric
layout of the electronic module. The baseline finite element numerical model is validated using
bench-top wind tunnel experiments. The experimental setup is also employed to characterize the
thermal behavior of chips in the multi-chip package and test the applicability of superposition
methodology for temperature fields of chips within multi-chip modules. Using numerical models,
both passive and active integrated thermal management strategies are investigated. The passive
cooling strategies include advanced ceramic materials, copper trace thickness, and structural
enhancements. Active cooling strategies include double-sided cooling using traditional heat sinks,
and an extension of double-sided cooling concept using microchannels integrated with the
module on both sides of embedded chips. The overall result of the work presented here is the
better understanding of thermal issues and limitations with IPEM technology, and development of
thermal design guidelines for cooling strategies that take into consideration both thermal and
thermo-mechanical performance.
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Chapter 1
Introduction
Power electronics circuits process electrical energy from one form to another, from the form
available from the power source, to the form required by the load. The average electrical power
consumption of the world is approx. 12 billion kW per hour, and more than 40 % of the generated
power needs to be processed through power electronic systems [1]. Power electronic systems find
widespread application in residential, commercial, military and space environments. In everyday
life, power electronics systems are commonly used in television, automobiles, telephones,
computers, etc. Due to their widespread use, power electronics devices need to operate reliably
under a wide variety of environmental conditions. One of the key factors that affect reliability is
thermal management. The difference between the input and the output energy in a power
electronic system is converted to heat, and must be removed efficiently to prevent overheating
and device failures. Efficient thermal management by combining proper materials, processes,
geometry, and heat transfer mechanisms, still remains a challenge. This challenge needs to be
addressed as thermal management is becoming a key enabling technology for the future growth of
power electronics.

1.1 The Function of Power Electronics
The function of a power electronics system is to change the form or character of an electrical
energy waveform, and therefore, it is also called a power converter or a power processor. A
power electronic system consists of many different types of components packaged together, such
as inductors, capacitors, switches, filters, heats sinks, fans, etc. A schematic of a power electronic
system is shown in Figure 1.1.

Input Electrical

Output Electrical

Energy

Energy

Figure 1.1 Schematic of a power electronic system
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The magnitude and direction of an input or output waveform can either be invariant with time,
or they may change on a cyclical basis, such as in the case of a sine wave. For the case when
magnitude and direction do not change with time, the waveform is called a direct current (DC). If
the magnitude and direction change periodically, the waveform is called an alternating current
(AC). A power converter can be employed for four main types of conversions:
-

AC to DC

-

DC to AC

-

AC to AC

-

DC to DC

AC to DC converters, also known as rectifiers, convert a fixed AC waveform to variable DC
waveforms. They are the most widely used type of power electronic circuits, and find application
in DC motors, televisions, battery chargers, personal computers, etc.
DC to AC converters, also known as inverters, convert a fixed DC waveform to variable AC
waveforms. They are commonly used in switched power supplies for computers, lightning
systems, and driving AC motors at different speeds.
AC to AC converters, also known as AC voltage controllers, convert a fixed AC waveform to
variable AC waveforms, i.e., they can change the magnitude, frequency and phase of the input
waveform. Their major application is variable speed motor drives.
DC to DC converters, also known as choppers in high power applications, convert a fixed DC
waveform to variable DC waveforms. They are commonly used in mobile devices, battery
charger for automobiles, and power supplies for electronic equipment.

1.2 Motivation and Significance
The power dissipation of electronic products has been increasing, while the footprint or the
geometrical area has been shrinking, as manufacturers strive to package more and more
components in a smaller space. This has led to the steady increase in the heat flux or the heat
density of the electronic packages during the last few decades. The heat density trends for
information technology (IT) related products during the last decade, and projections for the future
years, are shown in Figure 1.2.
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Figure 1.2 Heat flux trends of products related to the information technology industry [3].
Reprinted with permission of The Uptime Institute from a White Paper titled Heat Density
Trends in Data Processing, Computer Systems, and Telecommunications Equipment
Version 1.0
The major goal of thermal management is to remove heat efficiently and prevent accelerated
failure due to operation at elevated temperatures, which results in loss of electronic functions and
package integrity [4]. A survey by the U.S. Air Force [5] shows that 55 percent of all electronic
failures occur due to inadequate temperature control, followed by vibration, humidity and dust. A
graphical representation of these factors is shown in Figure 1.3.

Figure 1.3 Leading causes of electronics failures based on survey conducted by U.S. Air
Force [5]
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Bar-Cohen [6] notes that the reliability of silicon chips is reduced by approximately 10 percent
for every 2 °C increase in operating temperature. A similar relationship is supported by the
Arrhenius equation, according to which the life of all materials varies logarithmically with the
inverse of absolute temperature [7]. Figure 1.4 shows the percentage reduction in the lifetime of
materials with respect to lifetime at normal operating temperature, as a function of temperature
rise above the normal operating temperature.

Figure 1.4 Percentage reduction in lifetime of materials versus temperature rise
According to Van Wyk [7], the major factors that contribute to the accelerated failure of
electronic packages at elevated temperatures include the increase in leakage current across
materials and interfaces, decrease in breakdown voltage and partial discharges, increase in
thermo-mechanical stresses due to coefficient of thermal expansion (CTE) mismatch between
materials, increase in material transport phenomenon (electro-migration, diffusion, grain growth,
crystal growth, creep), surface changes (corrosion, absorption, wear), and physico-chemical
reactions.
Similar to the trends in the IT industry, the power electronics industry is progressing towards
integration of more functionality in a small and compact package, and driving the switching
frequency in power converters higher. The Center for Power Electronics Systems (CPES) at
Virginia Tech has developed one such integration technology in the form of an IPEM, a threedimensional (3D) multi-chip package with planar metallization interconnects. In an active IPEM,
multiple bare chips are embedded in a ceramic carrier, and the layer is selectively covered with
dielectrics. Planar copper metallization layer is deposited on top for electrical interconnections,
eliminating the need for wire-bonds that are traditionally used in power electronics. This
4

technology can offer reduction in electrical parasitic impedances and noise, lower manufacturing
costs and volume reduction [8]. The CPES vision is to develop integrated power electronics
systems using IPEMs as building blocks. A schematic of this vision is shown in Figure 1.5.

Figure 1.5 Schematic of an integrated power converter using IPEM building blocks
Despite all the advantages of IPEM integration technology, efficient dissipation of increasing
heat densities in order to prevent catastrophic failures remains a considerable challenge. This
research is motivated by the need to address this challenge, specifically for electronic packages
such as IPEMs. This work would contribute towards better understanding of these thermal issues
in planar multi-layered structures of the IPEMs. Development of new integrated cooling
strategies and thermal design guidelines would enable better thermal management, packaging of
more electronic components in a smaller volume, and reduction in size of the modules. The next
section describes the research goals, objectives and approach.

1.3 Research Goals, Objectives and Approach
The overall goal of this research is to develop new thermal management strategies and
guidelines for IPEMs. Specifically, the following four objectives were established:
1. The first objective was to develop detailed component level computational models of the
IPEMs in order to predict the heat flow paths and locations of the hot-spots in the modules.
Due to the complexity of the 3D multi-layered structure of an IPEM, developing a detailed
model is time-consuming and requires considerable computational resources. In order to
successfully address this challenge, several interface and boundary conditions are represented
by simplified equivalent thermal resistances and conductances. The equivalent thermal
resistance approach is selectively employed where it will not comprise the accuracy of the
model. In order to gain confidence in the developed models, bench-top wind tunnel
experiments were used to test the models against reliable experimental data. The validated
models provide useful design tools enabling realization of trade-offs early during the design
5

cycle, eliminating the need to build costly prototypes, and avoiding conflicts after the product
is manufactured.
2. The second objective was to experimentally characterize the thermal behavior of the IPEMs
by exploring the relationship between the maximum temperature rise and the power
dissipation of different chips in the multi-chip package, and how the temperature distributions
are effected by the mutual heating effect between the different chips in the package. The
resulting characteristic curves are also used to test the accuracy of superposition methodology
for temperature fields of chips within multi-chip modules.
3. The third objective was to use the validated numerical models to identify the effect of
structural and material design parameters on the thermal and thermo-mechanical performance
of the IPEM packages. Optimization of package design in order to improve thermal
performance and system reliability is also called the passive thermal management approach.
Parameters included advanced ceramic materials, copper trace thickness, and structural
enhancements from hot-spots to the sink.
4. The fourth objective was to integrate active cooling into the structure of the electronic
packages. Simulations were performed to compare the effectiveness of spot-cooling (by
integrating microchannels in the polyimide layer on top of the power chips) to the
effectiveness of channels in the bottom copper layer of the direct bonded copper (DBC)
substrate. In the latter scenario, the DBC in the package acts a microchannel heat sink. A heat
transfer model is derived and FEA simulations are used to propose several optimal channel
geometries for DBC heat sink in IPEM application, based on flow rate, pressure drop and
manufacturing constraints. A double-sided cooling approach uniquely suitable for the
structure of IPEM packages, using traditional aluminum heat sinks, has shown up to 30
percent improvement in the thermal performance. An extension of the double-sided cooling
concept is proposed by utilizing a DBC heat sink on either side of the power chips. The
performance of the integrated DBC cooler is benchmarked against that of a commercially
available industry standard microchannel cooler, under both single and double-sided cooling
configurations.
The achievement of the above four objectives enabled the establishment of design guidelines for
better thermal management of IPEMs.
6

1.4 Dissertation Outline
The current chapter provides a brief introduction to the function of power electronics circuits
and the recent trend of increased power dissipation density. This chapter also emphasizes the
need for efficient thermal management and how inadequate control of the temperature can lead to
catastrophic failures. This leads into the motivation and specific objectives for this research work.
Chapter 2 provides a review of literature that lays the foundation for the current research. The
background includes the packaging technologies for electronic components, the modes of heat
transfer in power electronic packages, and an overview of cooling technologies. Chapter 3
describes the structure and layout of the IPEM, the details of the finite element modeling method
used for thermal simulations, and the sensitivity of the models to key input parameters. The
experimental setup and procedures used for validating the numerical models are described in
Chapter 4. The thermal characterization methodology employed to achieve objective 2 (Section
1.3) is presented in Chapter 5. The novel integrated passive and active cooling strategies for
IPEMs (objectives 3 and 4 in Section 1.3) are described in Chapter 6. Chapter 7 provides the
results and a discussion of all the studies presented in this work. Chapter 8 provides conclusions
and thermal design guidelines for IPEMs, and recommendations for future directions for this
research.
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Chapter 2
Literature Review
2.1 Multi-chip Modules Packaging Technologies
This section presents an overview of different technologies available for packaging of multichip modules (MCMs). MCM is defined as a single unit containing two or more bare chips that
are mounted on a common substrate for electrical inter-connection [9]. MCMs act as building
blocks for an electronic system. In general, the functions of MCMs are the same as that of any
electronic package: propagation of electrical signals and power, providing mechanical support,
encapsulation to protect the chips against dust and chemicals, and efficient removal of heat
generated by the chips. Figure 2.1 shows a concept sketch comparing individually packaged chips
with a MCM.
Inter-connects
chip

chip

chip

Board

(a)
chip

chip

chip

MCM

Board
(b)

Figure 2.1 Comparison of (a) individually packaged chips versus (b) MCM package
2.1.1 Advantages of MCMs
There are several advantages of using MCM packages as building blocks for a system, compared
to traditional packaging technologies [9, 10]:
(a) MCMs can provide much higher packaging efficiency (defined as the ratio of the chip to the
board area) since it is possible to save space by placing the multiple, bare chips close
together. On the other hand, as shown in Figure 2.1, space is wasted by the packages
themselves if each chip is individually packed.
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(b) MCMs improve the electrical performance of the system, especially during operation at high
frequency, since the chips are closer together resulting in shorter electrical inter-connects and
reduced signal delay.
(c) The reduction in length and number of interconnects also leads to better reliability since there
are fewer parts that can fail, especially during operation in a harsh environment.
(d) The higher packaging efficiency of MCM leads to fewer packaging components, reduced
weight, and thus reduced costs. In the future, reduced costs can also be realized through
standardization of power electronic modules with production on a large scale.
2.1.2 Classification of MCMs
The classification of MCMs can be carried out based on several criteria including the substrate
fabrication method, properties of materials used, chip-to-substrate inter-connection method,
cooling technology, and cost [10].
The substrate fabrication method is one commonly used basis of classification. The substrate
provides electrical insulation, mechanical support to the circuit components, and a path to remove
the heat produced during operation of the circuit. Based on fabrication method and properties of
the substrate, The Institute for Inter-connecting and Packaging Electronic Circuits [11] provides
the following classification:
(a) Ceramic-Dielectric Multichip Module or MCM-C. The MCM-C technology for fabrication of
substrates is based on the use of ceramics (commonly alumina). It can further be classified as
thick-film, high-temperature cofired ceramic (HTCC), and low-temperature cofired ceramic
(LTCC). The traditional thick-film technology consists of several firing steps in succession.
The dielectric and conductive layer pastes are screen-printed on the ceramic substrate and
fired. More layers can be deposited on top of existing layers in a similar fashion and then the
substrate is fired again. In the LTCC technology, the building block is a dielectric layer
(made of ceramic and glass) with metal patterns on both sides. Several of these building
blocks are stacked together and cofired at temperatures between 800 – 1050 °C. The HTCC
technology is similar to the LTCC technology except that the dielectric layer is mainly
alumina and the co-firing takes place at higher temperatures of around 1600 °C. Since the
layers formed by the cofiring process are relatively thick (typically > 10-5 m), the MCMs
formed by co-firing are also called thick film MCMs [10].
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(b) Laminated-Dielectric Multichip Module or MCM-L. The MCM-L technology is based on the
traditional printed wiring board (PWB) technology. In this technology, multi-layered
substrates are formed by alternating several organic layers or cores with metal traces (usually
copper). The traces form the electrical conduction paths. The organic sheets between the
metal trace layers act as insulation. The inter-connection between the different conducting
layers is formed by vias or holes that may extend all the way through the board (through
vias), extend from the surface to only part way through the board (blind vias), or extend from
one internal layer to another internal layer inside the board (buried vias).
(c) Deposited-Dielectric Multichip Module or MCM-D. As the name suggests, the conducting
and dielectric layers are deposited on top of the substrate (usually ceramic or silicon). The
deposition can be done using sputtering, plating, etc. Common conducting materials include
gold, aluminum and copper [12]. Since the deposition process results in layers that are
relatively thin (typically ~ 10-7 m), the MCMs formed by this process are also called thin film
MCMs [10].
In addition to the substrate fabrication technologies described above, power electronic modules
commonly utilize insulating substrates with copper metallization. Copper metallization
technology offers increased metallization thickness, larger current-carrying capacity and better
heat spreading [13]. The four techniques available for copper metallization are:
(a) Plated Copper. As the name suggests, copper layer is built on top of the insulating substrate
(such as alumina, aluminum nitride, Beryllia, etc.) using electroplating process. A thin layer
of electroless copper is usually deposited to serve as a base layer on which the electroplating
process can be carried out to increase the thickness of the copper. Maximum copper thickness
achievable is 5-8 mils, with maximum current-carrying capability up to 50 A [13].
(b) Direct Bonded Copper (DBC). The manufacture of DBC is a high temperature process that
achieves a very firm bond between the copper and the insulating ceramic substrate. The
copper may be bonded on one or both sides of the ceramic, although the latter is preferred
since it results in balanced thermal expansion during heating. The copper sheet to be bonded
first receives a thin layer of copper oxide, and then placed in close contact with the ceramic.
The combination is then heated to temperatures between 1065 – 1085 °C, only slightly below
the melting point of copper [14]. The copper oxide forms a eutectic melt that combines with
10

ceramic and produces a very strong bond on cooling. The thickness of the copper layer is
typically 8-20 mils, with current carrying capability in excess of 100 A [13]. The copper of
the DBC can be etched and the power chips can be soldered directly on top of the traces.
(c) Active Brazed Copper (ABC). This is a suitable alternative for cases where DBC techniques
cannot be applied easily (such as with aluminum nitride and silicon nitride ceramics). In this
process, the bond between copper and the ceramic is formed by applying an adhesion layer of
brazing alloy between them. This adhesion layer is usually in a paste form and applied using
screen printing. The brazing alloy adhesion layer can provide strong adhesion between copper
and ceramic, and superior performance under thermal cycling (compared to DBC) [13].
(d) Regular Brazed Copper (RBC). A thin silver film is sputtered on top of the ceramic and a
paste of silver based brazing alloy is applied to the film. The copper layer is placed on top,
sandwiching the paste between ceramic and copper. The combination is then heated in
vacuum until braze alloy paste melts and forms a bond with the copper and the ceramic.
Another commonly used criterion for classification is the chip-to-substrate inter-connection
method. The common methods of wire bonding, tape automated bonding (TAB) and flip chip are
described below. A 3D embedded power planar metallization interconnect technology developed
at CPES is also described.
(a) Wire Bonding. This is the most widely used method in both the IC and the power chip
packaging, where the backside of the chip is attached to the substrate using high thermal
conductivity die attach. A thin wire (usually 15-400 μm in diameter and made of copper,
aluminum or gold) connects the contact pads on the chip and the substrate, as shown in
Figure 2.2. The wire is attached to contact pads using some combination of heat, pressure and
ultrasonic energy. Wire bonding is a relatively inexpensive inter-connect technology but the
wires show poor reliability at higher temperatures.
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Figure 2.2 Chip to substrate interconnection using wire bonding technique

(b) Tape Automated Bonding. This method is commonly used in IC chip packaging where the
chip is mounted on a polymer material tape that has a pattern of fine line conductors on it.
The bonding areas on the chip are aligned with the pattern on the tape. The leads of conductor
material emerging from the tape are then attached to the board or substrate. A sketch showing
typical connection pattern on a polymer tape is presented in Figure 2.3.

Figure 2.3 Chip to substrate interconnection using tape automated bonding technique
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(c) Flip Chip. The chip is turned upside down and connected to the substrate using an under-fill
material such as solder. A concept sketch is shown in Figure 2.4. The solder balls provide the
physical and the electrical connection between the pads of the chip and the substrate.

Figure 2.4 Chip to substrate interconnection using flip chip technique

(d) Planar Metallization Technology. The IPEMs developed at CPES are based on this
technology and use planar copper metallization to connect the power chips to the DBC
substrate. The fabrication process is shown in Figure 2.5. A focused laser beam is used to cut
the ceramic (commonly alumina) to desired pattern. The openings formed in the ceramic are
used to embed the electronic components. To secure the position of the components, epoxy
(Dielectric I) is used to seal the gap between the electronic components and the ceramic. For
electrical isolation, a layer of polyimide (Dielectric II) is screen printed on top of the ceramic
and embedded chips to form a selected pattern. To achieve a seed layer for electroplating
process, a thin layer of titanium and then copper is deposited on the polyimide. The titanium
acts as an adhesion layer between the polyimide and the copper seed layer. The top copper
metallization pattern to be electroplated is left visible, while the remaining portion is covered
with photo-resist dye. Electroplating process is then carried out to build a thicker copper
metallization pattern on top of the thin seed copper layer. A DBC substrate is etched and the
bottom sides of the chips are soldered to the copper traces of the DBC. The copper traces of
the DBC can be connected to the top metallization through vias (holes) in the ceramic. The
bottom of DBC can be optionally soldered on to a heat spreader, which is then mounted on a
heat sink.
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Figure 2.5 IPEM process uses embedded power and planar metallization interconnection

2.2 Modes of Heat Transfer in Electronic Packages
All active and passive electronic devices produce heat as a by-product when an electrical
current is passed through them. The steady-state operating temperature of the device is
determined by how efficiently the thermal energy is transferred away from it. The dominant
modes of heat transfer in electronic equipment are conduction and convection, with radiation heat
transfer only playing a significant role at higher operating temperatures. This section briefly
describes each of these three modes of heat transfer.
2.1.1

Conduction Heat Transfer

Conduction heat transfer refers to the transfer of energy in a medium from a region of higher
temperature to a region of lower temperature by the random motion of the micro-scale energy
carriers (such as molecules or electrons). The random motion of the carriers leads to interactions
during which the energy is transferred from the more energetic carriers to the less energetic
carriers. For any given direction, the rate of heat flow is proportional to the cross-sectional area
(the area perpendicular to the direction of heat flow) and to the gradient of temperatures in that
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direction. This is known as Fourier’s law of heat conduction, and can be mathematically
expressed as:

q x,

cond

= k ( x, T)A c

ΔT
Δx

(2.1)

where qx, cond is the rate of heat flow in the x-direction, Ac is the area of the cross-section, dT/dx is
the gradient of temperature in the x-direction, and kx is the proportionality constant called the
thermal conductivity. The thermal conductivity is a property of the medium and can vary with
direction and temperature in the medium.
2.1.2

Convection Heat Transfer

Convection heat transfer occurs due to the combined effect of random motion and bulk flow
(macroscopic) motion of the particles in the fluid. If the driving force behind the bulk flow
motion of the particles is a pump, fan, or environmental air currents, then the mode of heat
transfer is called forced convection. On the other hand, if the bulk motion is caused by density
changes (the expansion or contraction of a part of the fluid as a function of temperature), the
mechanism is called free or natural convection. For both forced and natural convection, the rate
of heat flow is proportional to the temperature difference between the surface and the fluid, and
the surface area of heat transfer. This relationship is known as Newton’s law of cooling, and can
be mathematically expressed as:

q conv = hA s (Ts

T ‡)

(2.2)

where qconv is the rate of heat flow due to convection, As is the surface area of the heat flow, Ts is
the temperature of the surface, T∞ is the temperature of the coolant, and h is the heat transfer
coefficient. The heat transfer coefficient depends on the surface geometry, and the properties and
velocity of the fluid. For complex geometries, the heat transfer coefficient often needs to be
determined through experiments. Table 2.1 shows typical upper and lower bound values of
convection heat transfer coefficients under different cooling conditions, based on information
compiled by Incropera et al. [15].
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Table 2.1 Typical convective heat transfer coefficient values
Mechanism

hmin(W/m2-K)

hmax (W/m2-K)

Natural convection with gases

2

25

Natural convection with liquids

50

1000

Forced convection with gases

25

250

Forced convection with liquids

100

20000

Boiling and condensation

2500

100000

2.1.3

Radiation Heat Transfer

Radiation heat transfer occurs due to the difference between the emission and absorption of
electro-magnetic waves by matter. While conduction and convection mechanisms require
presence of a physical medium for heat transfer, radiation heat transfer can occur in a vacuum.
The range of electro-magnetic wavelengths emitted by matter can vary from less than 10-17 m to
more than 104 m. However, only the wavelengths in the range of 0.1 to 100 μm constitute the part
of the electromagnetic spectrum that is responsible for thermal energy transport [9]. Electromagnetic waves are emitted due to the changes in configuration of the quantum state of matter.
When charged particles in matter change their state from higher to lower energy levels, the
difference in their internal energy is released in the form of electromagnetic radiation. Similarly,
the particles in matter can absorb electro-magnetic radiation from other sources and change their
state from lower to higher energy levels. The radiation emitted or absorbed depends on the level
of excitation or the internal energy of the particles. Since the internal energy depends on the
temperature of the medium, the net energy released in the form of electromagnetic radiation is a
function of temperature. For opaque solids, radiation exchange is mostly a surface phenomenon
since radiation originating inside the solid is absorbed immediately by neighboring atoms or
molecules. For a surface exchanging radiation with surroundings at a uniform temperature, the
net rate of heat flow is given by:

q rad = εσA s (Ts4

T 4‡)

(2.3)

where ε is the surface emissivity, σ is Stephan-Boltzmann constant (5.67 × 10-8 W/m2 ⋅K4), Ts is
the surface temperature, and T∞ is the temperature of the surroundings. Equation (2.3) assumes
that the surface exchanging radiation is gray (i.e., the surface absorptivity α is equal to surface
emissivity ε). Equation (2.3) also assumes that the surface is relatively small compared to the
surrounding domain, so the view factor is unity and left out of the equation.
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2.1.4

Characterizing Overall Heat Transfer in Electronic Packages

If the radiation mode of heat transfer can be neglected, the overall heat transfer in electronic
packages can be characterized using the conduction and convection heat transfer mechanisms
governed by Equations (2.1) and (2.2) respectively. As shown in Figure 2.6, the heat is conducted
from the chip through the body of the package to the heat sink, and then convected from the heat
sink to the ambient medium.

Interface

q

Chip (source)
Package Layers

Rjc

Heat Sink

Rja

Ambient
Figure 2.6 Characterizing heat transfer in an electronic package
The two parameters that are typically used to characterize heat transfer in electronic packages
are the junction-to-case resistance, Rjc, and the junction-to-ambient resistance, Rja. The junctionto-case resistance is defined as the difference between the source (chip) temperature and the
average package casing temperature, per unit of heat q that is conducted through the package. The
junction to ambient resistance is the difference between the source (chip) temperature and the
ambient temperature, per unit of heat dissipated by the package.

2.3 Thermal Management and Overview of Cooling Technologies for Power
Electronic Packages
Several researchers have provided a review of cooling technologies used to remove the heat
produced in electronic packages. These technologies include heat sinks in natural convection,
parallel plate heat sinks with forced convection, heat pipes, jet-impingement, direct immersion,
thermo-electric coolers, vapor space condensers, submerged condensers, phase-change materials,
microchannels, etc. A review of evolution of electronics cooling techniques from a historical
perspective is presented by Bergles [16]. Due to the extensive nature of the field, an in-depth
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review of all electronics cooling techniques is beyond the scope of this chapter. However, an
overview is provided for the techniques that are most commonly used and for those that show
promise for electronic packages such as IPEMs.
2.3.1 Parallel Plate Heat Sinks
The most commonly used method for dissipating heat is parallel plate heat sinks with natural
or forced-air convective cooling. Elenbaas [17] was the first to experimentally study natural
convection between closely spaced isothermal parallel plates. Levy [18] optimized the spacing for
vertical isothermal parallel plates so as to achieve minimum plate temperature or maximum heat
transfer coefficient for a given heat transfer rate. Bar-Cohen et al. [19] developed correlations for
optimizing the spacing between naturally cooled vertical parallel plates with different thermal
boundary conditions. Over the years, with increasing heat dissipation of electronic components,
natural convection has become inadequate for all but special cases, and designers are forced to
use a fan or a pump in the system. Simons [20] has presented a method for evaluating the thermal
performance of a forced convection cooled parallel plate heat sink by calculating the overall
thermal resistance from the temperature at the base of the fins to the temperature of the ambient
air entering the fins. In a related paper, Simons [21] evaluates the performance of a parallel plate
heat sink in terms of pressure drop across the fins.
2.3.2 Metal Foam Heat Sinks
Dukhan et al. [22, 23, 24] developed a metal foam heat sink as a compact, efficient and
lightweight cooling alternate to the traditional parallel plate heat sinks. They are compact, light
weight (less than 10 % of solid base) and highly efficient (volumetric thermal efficiency of 0.046
W/°C/cc). To assess the performance of the foam as a cooling technology, a simplified onedimensional heat transfer model was developed. The model was then used to devise a technique
for modeling the foam in a finite element package, treating the foam as a single medium with
average properties. The heat transfer model was verified by direct experiments.
2.3.3 Jet Impingement and Spray Cooling
Jet impingement is an attractive cooling option for dissipating large heat fluxes from electronic
components. Nozzles are placed perpendicular to the heated surface and jets of fluid from the
nozzles impinge on the surface. Round and slotted are the most common shapes for nozzles. After
the fluid jet strikes the surface, it changes direction and travels along the surface to form a thin
fluid film over it. If the system is submerged in an ambient of the fluid that is used for the jet, it is
called a submerged system. Otherwise, it is called an open system. Garimella et al. [25, 26] have
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studied various configurations for cooling electronic components using this technique with both
air and liquid as the fluid. Although until now most research work has focused on using pure
fluids, Ashwood et al. [27] have recently investigated heat transfer coefficients when spraying
mixtures of dielectric fluid (combination of FC-72 and FC-74) on a heated surface. The
configuration of spray nozzles is shown in Figure 2.7. Ashwood et al. [27] found that using
mixtures enabled advantage of both single and two-phase cooling (the volatile FC-72 component
of mixture changes phase and vaporizes to absorb large amounts of heat, while the more stable
FC-74 keeps surface wetted and delays establishment of critical heat flux at which surface
becomes dry).

Figure 2.7 Single nozzle and multiple nozzle array configuration developed at University of
Wisconsin for investigating direct spray cooling for MCM application [27]
2.3.4 Microchannel Cooling
Micro-channels are compact cooling solutions that can provide increased heat dissipation rates
and reduced temperature gradients across the components. Kandlikar [28] provides a review of
the evolution of microchannel technology, both in terms of their performance and the processes
used to fabrication them. Tuckerman and Pease [30] were the first to propose the use of
microchannel cooling, and showed that heat transfer coefficients on the order of 105 W/m2-K can
be achieved, corresponding to cooling capabilities of up to 790 W/cm2 using water as the coolant.
Several researchers have studied the design and optimization of microchannel cooled systems to
achieve maximum cooling efficiency. Lee [29] has presented the design and optimization of an
insulated gate bipolar transistor (IGBT) power electronic module by utilizing CFD techniques.
Bau [31] has computed the thermal resistance of a flat plate micro heat exchanger with uniformly
heated surfaces. He showed that the maximum temperatures can be minimized using non-uniform
cross section conduits where the width varies as a function of the axial coordinate. Chen et al.
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[32] conducted numerical and experimental analysis to determine the maximum power that can
be dissipated using single-phase liquid cooling on a stacked multi-chip module, if temperatures
are to be maintained within reasonable limits. The stacked module consisted of three chips
mounted on top of one another and separated by carriers. The parameters in this study included
the input power, flow rate and coolants. Microchannel technology initially suffered from
disadvantages such as high manufacturing, maintenance and sealing costs, large pressure drops in
the channels, and fouling of the liquid. However recent advances in manufacturing processes and
related technologies show prospects of successfully overcoming these challenges.
Although some researchers have reported that compared to larger diameter passages, the flow
transition (from laminar to turbulent) in microchannels occurs at a much lower Reynolds number,
recent studies by Bucci et al. [33] and Baviere et al. [34] have proved that transitional Reynolds
number of around 2300 is still valid for microchannels.
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Chapter 3
Thermal Modeling and Sensitivity Analysis
This chapter describes the finite element numerical models of the IPEMs that are used to study
the integrated passive and active cooling strategies, described in Chapter 6. The numerical models
are validated using the experimental setup and procedures described in Chapter 4. A complete
finite element numerical model first requires a solid 3D representation of the physical prototype
of the IPEM, drawn using a CAD package. The first section of this chapter introduces the
structure and layout of the IPEMs using these 3D geometric representations. The second section
of this chapter describes the details of the finite element models. The last section presents a
method to examine the sensitivity of the finite element models to changes in the critical input
parameters.

3.1 Structure and Layout of the IPEM package
This section describes the structure of the Gen-I and Gen-II IGBT modules, shown in Figure
3.1 using an exploded view. The characteristic dimensions and material properties of the layers
are provided in Table 3.1 and Table 3.2 respectively. The IGBT IPEMs described here can be
implemented in numerous applications such as power factor correction, half or full bridge
inverters, three-phase converters, motor-drives, or bi-directional DC/DC converters.
Copper metallization
Top polyimide
Ceramic carrier
DBC copper trace
Silicon diode
IGBT
DBC ceramic
Silicone
gel

DBC copper

(a)

(b)

Figure 3.1 Exploded view of (a) Gen-I and (b) Gen-II IGBT IPEM
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Table 3.1 Characteristic Dimensions and Generic Thermal Conductivities of layers in Gen-I
module at 300 K

Component/ Layer

Characteristic

Material

Thickness, mm

Characteristic

Thermal

Footprint, mm

Conductivity,

× mm

W/m-K

Top Metallization

Copper

0.076

27.0 × 42.0

395

Dielectric Layer

Polyimide

0.127

28.6 × 44.0

0.3

Chip Carrier

Alumina (Al2O3)

0.635

28.6 × 44.0

26

IGBT Chip

Silicon

0.420

6.6 × 6.6

118

Diode

Silicon Carbide

0.368

1.4 × 1.4

490

IGBT Carrier Interface

Epoxy

0.420

7.1 × 7.1

1.4

Diode Carrier Interface

Epoxy

0.368

2.0 × 2.0

1.4

IGBT Chip Attach

Solder

0.215

6.6 × 6.6

51

Diode Chip Attach

Solder

0.267

1.4 × 1.4

51

Gap Filler

Silicone Gel

0.305

28.6 × 46.0

0.2

DBC Trace

Copper

0.305

27.0 × 44.2

395

DBC Substrate

Alumina (Al2O3)

0.635

28.6 × 46.0

26

DBC Base

Copper

0.305

28.6 × 46.0

395

Table 3.2 Characteristic Dimensions and Generic Thermal Conductivities of layers in GenII module at 300 K

Component/ Layer

Material

Characteristic
Thickness, mm

Characteristic

Thermal

Footprint, mm

Conductivity,

× mm

W/m-K

Top Metallization

Copper

0.076

31.0 × 32.8

395

Dielectric Layer

Polyimide

0.076

33.8 × 33.2

0.3

Chip Carrier

Alumina (Al2O3)

0.508

34.8 × 33.2

26

IGBT Chip

Silicon

0.254

5.1 × 5.2

118

Diode

Silicon Carbide

0.368

2.3 × 2.3

490

IGBT Carrier Interface

Epoxy

0.254

6.1 × 6.2

1.4

Diode Carrier Interface

Epoxy

0.368

3.3 × 3.3

1.4

IGBT Chip Attach

Solder

0.254

5.1 × 5.2

51
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Diode Chip Attach

Solder

0.140

2.3 × 2.3

51

DBC Trace

Copper

0.203

29.0 × 28.9

395

DBC Substrate

Alumina (Al2O3)

0.381

37.8 × 33.2

26

DBC Base

Copper

0.203

37.8 × 33.2

395

The IPEMs are packaged using an embedded power structure and a planar metallization
interconnect technology that significantly improves the electrical and mechanical performance of
the modules by eliminating the resistance, noise, and fatigue failure of the wire bonds. The
overall footprint of Gen-I module is 29 mm × 46 mm. In this IPEM, there are ten devices: two
IGBTs and eight silicon carbide (SiC) diodes. The Gen-II module has two IGBTs, four silicon
carbide diodes, and two X5S capacitors. The overall footprint of Gen-II IPEM is 33 × 38 mm.
The chips are attached to a direct-bonded-copper (DBC) substrate via soldering. The DBC
substrate is formed by placing alumina ceramic in close contact with two copper layers on either
side, and then heating at temperatures between 1065 – 1085 °C. The DBC provides a good
electrical connection and an excellent thermal path from the chips. The silicone gel, with a
thermal conductivity of 0.2 W/m-K, can be optionally used to fill the gap formed due to etching
of the copper traces on the DBC. The gel provides protection against moisture and dust, and can
absorb mechanical vibrations during operation. To integrate multiple power chips into one
compact package, a flat ceramic frame with openings is used to frame the chips. Epoxy, with a
thermal conductivity of 1.4 W/m-K, fills the gap between the chips and the ceramic frame to
secure the chips in position. The flat ceramic frame layer also provides a platform to deposit
copper metallization layer on the top for electrical interconnection.

3.2 Finite Element Model
Using a commercially available finite element package, I-DEAS©, a baseline thermal model
was created for both Gen-I and Gen-II IPEMs. I-DEAS provides a 3D solid modeler for creating
the geometry, and integration with Electronic System Cooling (ESC), a coupled thermal and flow
solver. The 2D geometry of each layer in the IPEMs was imported from the AutoCAD® master
layout that is used during the fabrication process. A 3D model was obtained by extruding each
layer to its appropriate thickness, and aligning the different layers at proper positions with respect
to each other. The geometry was meshed using solid 3D linear tetrahedron and linear triangular
shell elements. ESC was used to define the thermal couplings within the IPEM and the convective
boundary conditions. The thermal couplings for Gen-I and Gen-II IPEM baseline models are
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given in Appendix A. The thermal model was solved using the conjugate gradient solver. The
results of the simulation were analyzed using I-DEAS post-processing capabilities.
For the Gen-I IPEM, the power loss from each IGBT chip was 27 W, while the loss from each
SiC diode was 1.15 W. Therefore, the module dissipates a total of 63.2 W. These power losses
are based on the expected operating conditions of the module for a power factor correction (PFC)
application at 75 kHz switching frequency. The base model, shown in Figure 3.2(a), was created
with a heat sink attached to the bottom DBC of the module. The heat sink has dimensions of 121
mm (L) × 73 mm (W) × 32 mm (H). It has a 7.5 mm thick base and ten 1.5 mm thick fins spaced
6.5 mm apart. The average heat transfer coefficient for the heat sink is assumed to be 25 W/m2-K,
a typical value for low forced air convection cooling. The ambient temperature was 50 ºC, a
typical value for electronic enclosures.
For Gen-II IPEM, power loss from each IGBT chip was 42.75 W, while the loss from each
SiC diode was 3.69 W. These power losses are based on the expected operating conditions of the
module at 100 kHz switching frequency. As shown in Figure 3.2(b), a 60 mm (L) × 45 mm (W) ×
3 mm (H) heat spreader is attached to the bottom DBC of the module. The heat spreader is
mounted on a heat sink that has dimensions of 121 mm (L) × 121 mm (W) × 32.5 mm (H). The
heat sink has a 7.5 mm thick base and ten 1.5 mm thick fins spaced 6.5 mm apart. The heat
transfer coefficient for the heat sink is 50 W/m2-K, with ambient temperature of 50 ºC. Compared
to the Gen-I IPEM, a higher heat transfer coefficient is necessary for Gen-II IPEM due to
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Figure 3.2 Baseline Thermal Models for (a) Gen-I and (b) Gen-II IGBT IPEMs
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Since modeling the heat sink requires a large number of finite elements and computational
resources, the heat sink was not physically modeled with the IPEM. Instead, an equivalent
convective coefficient was specified at the bottom surface of the module, which represents the
rate of heat removal from the module with the heat sink. The equivalent convective coefficient heq
can be calculated as:

h eq =

A sink
A module

h conv

(3.1)

where hconv is the actual heat transfer coefficient, Asink is the surface area of the sink exposed to
airflow, and Amodule is the surface area of the module where the equivalent convective coefficient
is applied. This approach has been shown to be reasonably accurate [34], especially when the
spreading resistance of the heat sink is not too large.
The epoxy and the solder layers were not physically modeled in the simulation, since their
small dimensions require high mesh density and greater computational time. Instead, an
equivalent thermal resistance was used for each of these layers. This equivalent resistance was
calculated using:

R thermal =

t
k×A

(3.2)

where t is thickness of the layer, k is the thermal conductivity of the material, and A is the face
area of the layer. This approach is most accurate in thermal analysis where the resistance between
the two coupled surfaces is fairly high compared to the in-plane resistance [36]. If the in-plane
resistance is greater than the resistance between the coupled surfaces, it will lead to error in the
output of the numerical model due to false heat spreading, as shown in Figure 3.3.

Surface A

Surface B
Finite
Element

False Heat Spreading
between Adjacent Elements

Figure 3.3 False Heat Spreading due to thermal couplings when in-plane resistance is
greater than coupling resistance
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The thermal conductivity and thickness of each layer in the IPEMs were provided in Table 3.1
and Table 3.2. In order to obtain accurate results, the thermal conductivity and thickness of each
layer must be known accurately. Therefore, Section 3.3 presents the sensitivity of the numerical
model to the input material and geometric properties.
3.2.1 Finite Element Model for Experimental Validation of IPEM Air-Cooled Model

The finite element model used for experimental validation is shown in Figure 3.4. In order to
validate the numerous thermal couplings and material properties that are used in the IPEM
thermal model, the experimental validation was carried out by mounting the IPEM on a
aluminum heat sink and placing it in a wind tunnel constructed out of plywood. This was done for
both the Gen-I and the Gen-II IPEMs. In the finite element models described earlier, the heat sink
was not physically modeled along with the IPEM. Instead, an equivalent convective boundary
condition was specified at the bottom surface of the IPEM. However, in order to carry out the
experimental validation, it was necessary to model the heat sink and the airflow around the IPEM
as well. The parameters of the heat sink, wind tunnel and the fan in these numerical models are
consistent with the validation experiments described in Chapter 4. The fluid domain that consists
of the region around IPEM and heat sink inside the tunnel was modeled using the mixing length
flow model.

l
nne
u
t
d
Win

vent

Heat
sink

fan

IPEM

Figure 3.4 The numerical model is setup to be consistent with wind-tunnel validation
experiments.
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3.2.2 Finite Element Model for Validating Simplified IPEM structure with Microcooler

The model of the simplified structure is shown in Figure 3.5. The model described here is
consistent with the validation experiments described in Chapter 4. Using thermal compound, the
DBC used in Gen-II IPEM (33.2 mm × 37.8 mm) is mounted on top of the microchannel cooler
(47.5 mm × 47.5 mm) from Curamik®. The bottom of the micro-cooler has two circular openings
9.5 mm in diameter for entrance and exit of the coolant. The inside of the microchannel cooler
has three-dimensional microchannel flow passages that are 50 μm wide and form a honeycomb
like structure.

Figure 3.5 Microchannel cooler from Curamik with DBC substrate

The heaters are modeled as circular planar heat sources on top of the DBC copper traces. The
geometry was meshed using solid 3D linear tetrahedron and 2D linear triangular shell elements.
The thermal model was solved using the conjugate gradient solver. The flow inside the
microchannels is modeled as forced-convection with TMG® duct flow capabilities, with thermal
and fluid elements fully coupled. In order to correlate the measured pressure drops with the
values predicted by simulation, major losses due to friction in pipes and minor losses due to the
two elbows are taken into account. For laminar flow, the sum of the major and minor losses can
be calculated as:

Δp correction

ρu 2m 64L p
=
(
+ 2ξ )
2 Re lam D

(3.3)

where ρ is the density of water, um is the mean fluid velocity, Relam is the Reynold’s number, Lp is
the length of the pipes in-between the pressure gauges in the experimental setup, D is the pipe
internal diameter, and ξ is the loss coefficient for a ninety-degree elbow and approximated as 1.5.
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Since the flow of heat in the IPEM is mainly one-dimensional from the chips to the DBC
traces and then to the heat sink, our simplified model can test the microchannel cooler under
realistic heat flow conditions. Once validated, this microchannel cooler is simulated with the
IPEM under single and double-sided cooling configuration, and the results are used as a
benchmark against integrated microchannel designs proposed in Section 6.2.2.2.

3.3 Sensitivity of IPEM model to critical input parameters
Sensitivity and uncertainty analysis is used to study how uncertainty in the value of inputs to
the numerical model affects the outputs from the model. The first step in this analysis is to
identify the critical input and output parameters. Then, for each critical output parameter ηj(β)
that depends on the input parameters β, the first derivative of ηj(β) with respect to βi is called the
sensitivity coefficient and written as:

Xij =

Ýƒ
j
Ýƒ
i

(3.4)

Sensitivity coefficients are important since they indicate the magnitude of the change in response
ηj due to perturbations in the values of input parameters [37]. These sensitivity coefficients can

also be written in dimensionless form:
X+ =
ij

ÝƒÅ
η
j jo
ÝƒÀ
i β io

(3.5)

where ηjo and βio are nominal values of input and output parameters respectively. The input
parameters considered for thermal analysis are the properties and layer thicknesses of interface
materials, and the power losses of the IGBT and silicon carbide diodes. These are summarized in
Table 3.3 and Table 3.4 for Gen-I and Gen-II IPEMs respectively. The output parameters are the
maximum temperature of the IGBTs and silicon carbide diodes, and the average module
temperature.
The measurement uncertainties given in Table 3.3 and Table 3.4 are estimates based on the
experience and expertise of the IPEM design group at CPES, Virginia Tech. These values suggest
the upper and lower bound about the nominal value of a parameter, within which the actual value
of the parameter is most likely to occur. Using Equation (3.5), the dimensionless predictive
uncertainty associated with each input parameter can be calculated as:

+ +
σ+
P = X ij σ M =
ij
i
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+σ
X ij
M
βi

i

(3.6)

The overall dimensionless uncertainty in j-th output variable can be calculated using the rootsum-square error propagation formula that combines uncertainty contributed by all the input
parameters:
σ +j =

N
‡” (σ + ) 2
i=1 Pij

(3.7)

Table 3.3 Nominal values and measurement uncertainties of critical parameters in Gen-I
thermal model

Nominal Value,

Measurement

βio

Uncertainty, σMi

Power loss (IGBTs)

27 W

±1 W

Power loss (Diodes)

1.15 W

±0.5 W

Air flowrate

0.05 m3/s

±0.01 m3/s

Polyimide thickness

0.127 mm

±0.025 mm

Polyimide thermal conductivity

0.3 W/m-K

±5%

Epoxy thickness between IGBTs and carrier

0.3 mm

±0.025 mm

Epoxy thickness between diodes and carrier

0.3 mm

±0.025 mm

Epoxy thermal conductivity

1.4 W/m-K

±5 %

Solder thickness between IGBTs and DBC

0.215 mm

±0.025 mm

Solder thickness between diodes and DBC

0.267 mm

±0.025 mm

Solder thermal conductivity

51 W/m-K

±5 %

Parameter, βi

Table 3.4 Nominal values and measurement uncertainties of critical parameters in Gen-II
thermal model

Nominal Value,

Measurement

βio

Uncertainty, σMi

Power loss (IGBTs)

42.75 W

±1 W

Power loss (Diodes)

3.685 W

±0.5 W

Air flowrate

0.05 m3/s

±0.01 m3/s

Polyimide thickness

0.076 mm

±0.025 mm

Parameter, βi
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Polyimide thermal conductivity

0.3 W/m-K

±5%

Epoxy thickness between IGBTs and carrier

0.5 mm

±0.025 mm

Epoxy thickness between diodes and carrier

0.5 mm

±0.025 mm

Epoxy thermal conductivity

1.4 W/m-K

±5 %

Solder thickness between IGBTs and DBC

0.254 mm

±0.025 mm

Solder thickness between diodes and DBC

0.140 mm

±0.025 mm

Solder thickness between module and spreader

0.250 mm

±0.025 mm

Solder Thermal Conductivity

51 W/m-K

±5 %

Thermal paste thickness between spreader and sink

0.100 mm

±0.025 mm
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Chapter 4
Experimental Setup and Validation Procedures
This chapter presents the experimental equipment, setup and procedures used for validating
the finite element numerical models described in Chapter 3. The first section of this chapter
presents the setup and procedures for validating the Gen-I and Gen-II IPEM models that are
cooled using a traditional aluminum heat sink and a fan. This setup is also used in the
experimental characterization and evaluation of thermal resistance matrix method for IPEMs,
presented in Chapter 5. The second section presents the setup and procedures for validating a
simplified IPEM structure that is cooled using a commercially available microchannel cooler.
Once validated, this model will be used to predict the performance of the IPEMs with the
commercial microchannel cooler under realistic operating conditions. This microchannel cooler is
also used as a benchmark against which the microchannel designs proposed in Section 6.2.2.2 can
be compared.

4.1 Experimental Setup and Procedures for Validating IPEM Air-Cooled
Model
The details of the numerical model were described in Section 3.2.1. Figure 4.1 shows the
experimental apparatus and setup used to perform the experiments.

Figure 4.1 Schematic of the experimental setup for validating air-cooled model
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The setup consists of an insulated wind tunnel constructed out of approx. 19 mm thick plywood.
The dimensions of the tunnel are 150 mm (H) x 150 mm (W) x 400 mm (L). As shown in Figure
4.2, the tunnel has all inside surfaces painted black for infrared (IR) imaging, and a window on
top for the IR camera. Honeycombs are placed at both ends of the tunnel to straighten the air
flow.

Heat sink

Honeycomb

Gate Signal

Figure 4.2 Inside surface of the insulated wind tunnel is painted black

One end of the wind tunnel vents air to the room temperature, while the other end is equipped
with a 4000Z series outlet axial fan from Papst®. The fan has dimensions of 119 mm × 119 mm ×
38 mm and produces a volumetric airflow of 0.05 m3/s at the system operating point. Detailed
specifications of the fan can be found in Appendix B. The IR images of the top surface of the
IPEM were captured using IR Camera model PM290 from ThermaCAM®. The accuracy of the
camera is ± 2 °C. The images were processed using ThermaGRAM® data acquisition software.
Along with the IR Camera, the data from the test components was also obtained using k-type and
t-type thermocouples. The thermocouples are connected to Agilent 34970A multi-channel data
acquisition unit that can collect readings from multiple thermocouples simultaneously. The
accuracy of the thermocouples is ± 0.5 °C. The test components were powered using Lambda
LLS-9060 power supply that has a voltage range 0-60 V and a maximum current rating of 14 A.
Thermocouples were calibrated using an ice bath, and then attached on top of the IGBT chips
using room- temperature epoxy. Since the thermocouples are more accurate than the IR Camera,
the thermal imaging data were calibrated using the thermocouples. The IPEMs were positioned at
the center of the wind-tunnel.
For the Gen-I IPEM, since the goal was to test the IPEM itself, no heat spreader or heat sink
was used for the testing. Two cases were run with power applied to the right IGBT chip, as
summarized in Table 4.1. For easy reference, the heat sources identified in Table 4.1 are also
shown graphically in Figure 4.3 (IGBT1, IGBT2 and diodes D1-D8).
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Table 4.1 Parameters for Experimental Validation of Gen-I IPEM

Ambient

Case

Heat Source

Power Loss (W)

1

IGBT 1

2.41

23.0

2

IGBT 1

5.47

23.0

Temperature (°C)

Figure 4.3 Location of the heat sources in Gen-I module validation experiments

For the Gen-II IPEM validation, the IPEM was mounted on a heat spreader and a heat sink,
since along with the validation, our goal was also to test the limits of the operation of the IPEM.
The parameters for validation cases for Gen-II IPEM are given in Table 4.2. For easy reference,
the heat sources identified in Table 4.2 are also shown graphically in Figure 4.4 (IGBT1, IGBT2
and diodes D1-D4).
Table 4.2 Parameters used in experimental validation of Gen-II IPEM
Power Loss

Ambient

(W)

Temperature (°C)

IGBT 2

5.6

23.5

Diode 3

2.4

Diode 4

2.4

Diode 1

2.6

Diode 2

2.6

Case

Heat Source

1
2
3
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22.0
22.2

Figure 4.4 Location of the heat sources in Gen-II module validation experiments

In order to avoid the complicated circuitry required to activate the circuit, the circuit setup was
made active and made to dissipate heat using a constant DC current and collector-emitter voltage,
VCE, across the IGBT chip. A constant voltage was applied to the gate of the IGBT chip using the
gate-driver. The circuit was left running for a sufficient amount of time so that the IPEM can
reach a thermal steady-state. The steady-state data was recorded into a computer from the IR
camera and the thermocouple data acquisition unit.

4.2 Experimental Setup and Procedures for Validating Simplified IPEM
structure with Micro-cooler
The details of the numerical model were described in Section 3.2.2. The experimental
apparatus and setup used for performing the validation experiments is shown in Figure 4.5.
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Figure 4.5 Experimental setup for validating micro-channel model

The setup consists of an all in one liquid cooling module (225 × 120 × 30 mm) from Thermaltake
with a copper tube radiator, adjustable fan (1700, 3000 RPM with corresponding noise level of
17, 19 dB), a 12 V DC pump (53 × 40 × 20 mm) and a liquid coolant storage tank. The detailed
specifications of the liquid cooling module and its components can be found in Appendix C. A
plastic tubing with an internal diameter of 6.4 mm is connects the components in the setup. The
outlet of the cooling module is connected to a model 61060 pressure gauge (with 0-15 kPa range)
from Dwyer instruments. This gauge monitors the inlet pressure of the microchannel cooler. The
microchannel cooler, manufactured by Curamik® is shown in Figure 4.6. As mentioned in
Section 3.2.2, the microchannel cooler has outside dimensions of 47.5 mm × 47.5 mm × 9.6 mm
and honey-comb like micro-structure inside with 50 μm flow passages. The DBC used in Gen-II
IPEM is mounted on top of the micro-cooler using non-silicone thermal compound 126-4 from
Wakefield Engineering. As shown in Figure 4.6, the copper traces of the DBC (on which the
IGBTs are soldered in an IPEM) are used to mount Kapton Thermofoil heaters (model HK5537)
from Minco. The circular heaters have a diameter of 12 mm and a 3.8 Ohm resistance. Type-T
flat foil thermocouple from RDF® (part number 20102-2) with only 5 μm tip is placed between
the heat source and the DBC copper trace. Since the heating area is nearly uniform and copper is
an excellent heat conductor, the temperature on copper trace can be reasonably expected to be
uniform. For each of the two heat sources, one side is in contact with the thermocouple and
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copper trace area, while the other side is insulated. The thermocouples are connected to an
Agilent 34970A multi-channel data acquisition unit. The data acquisition unit has two other typeT thermocouples connected to it, used for monitoring the water temperature at the inlet and the
outlet of the microchannel cooler. Small holes were pierced in the tubing near the entrance and
exit of the microchannel cooler, and then re-sealed using epoxy after inserting the thermocouples.

Figure 4.6 Microchannel cooler from Curamik®

The outlet of the microchannel cooler is connected to another model 61060 pressure gauge for
monitoring outlet pressure of water. The outlet pressure gauge is connected to a Visi-Float®
flowmeter model VFB-80-BV from Dwyer Instruments that can measure flow rates from 5.3 ×
10-7 to 1.3 × 10-5 m3/s. The flow meter is then connected to the liquid cooling module.
The heat loads Q1 and Q2 and the flow rate f for each validation case are shown in Table 4.3.
For each validation case the temperature rise under the heat sources, the rise in water temperature,
and the pressure drop across the microchannel cooler was measured. Each of the six cases was
run twice to gain confidence in the results of the experiments. These are compared to the values
predicted by the numerical model described in Section 3.2.2.
Table 4.3 Heat load and flow rate for experimental validation cases

Case

Q1, W

Q2, W

f, cm3/s

1

0.0

5.0

1.0

2

0.0

5.0

4.0

3

5.0

0.0

1.0

4

5.0

0.0

4.0

5

5.0

5.0

1.0

6

5.0

5.0

4.0
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Chapter 5
Thermal Characterization and Evaluation of Resistance Matrix
Thermal characterization provides data on the thermal performance of electronic components
under given cooling conditions. The most common thermal characterization parameter used to
characterize electronic components is the thermal resistance. This parameter is the temperature
difference per unit heat flow, from the chip (junction) to a specific point on the isothermal surface
of the package (Rjc), or to the environmental temperature (Rja). The junction to case resistance Rjc
is usually difficult to define and calculate since the bottom surface of the package is rarely an
isothermal surface. Hence, an average temperature must be obtained if this parameter is used. A
better parameter is the junction to ambient resistance Rja that can be defined using the average
temperature of the coolant.
An experimental characterization method is presented here to obtain the junction-to-ambient
thermal resistance, Rja, of the IGBT module. Both IGBT chips were analyzed at different power
levels experimentally. For the purposes of this study, the right and left IGBT chips are identified
as IGBT 1 and 2 respectively, as shown in Figure 5.1.

Figure 5.1 The right and left IGBT chips are identified as IGBT 1 and IGBT 2 respectively

Experimental data were obtained from the experimental setup described in Chapter 4. The
Gen-II IPEM shown in Fig. 5.1 is mounted on a 60 mm (L) × 45 mm (W) × 3 mm (H) heat
spreader and then on a 121 mm (L) × 121 mm (W) × 32.5 mm (H) heat sink. For the studies
presented in this chapter, all data is collected using thermocouple on top of each IGBT chip (as
shown in Figure 5.1) and the thermocouples at the entrance and exit of the wind tunnel. Once the
device was powered on, thermal measurements were taken after allowing sufficient time to
achieve a reasonably steady state condition. The relationship between the temperature rise of the
chips and the power loss were then explored. Six cases (at different power levels) were run first
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with only IGBT 1 powered on, and then six more cases with only IGBT 2 powered on. All
experiments were repeated twice, to ensure repeatability of the experiments.
Sofia [38] presented superposition methodology for temperature fields of chips within multichip modules. Using DC/DC IPEM, Pang et al. [34] conducted a preliminary finite element
simulation study of the applicability of this method. This method is most accurate for conduction
dominated scenarios [34]. In this method, the temperature distribution of each heat source is first
measured independently. Then, the temperature distribution due to multiple heat sources is
estimated by super-imposing the different temperature fields. For a single heat source, the thermal
resistance equation, in general, can be expressed as R = ∆T/Q, where Q is the heat loss, and ∆T is
the temperature rise of the heat source above the reference temperature. The ∆T can be expressed
as ∆T = Ths – Tref, where Ths is the temperature of the heat source and Tref is the reference
temperature. When calculating junction-to-ambient thermal resistance Rja, the reference
temperature Tref is equal to the ambient temperature Tamb.
The temperature rise of heat sources in a multi-chip module is greatly influenced by the heat
dissipation from the neighboring components, the heat paths within the module, and the cooling
conditions. By using the superposition method, the thermal resistance for heat sources within the
multi-chip module is governed by the following matrix-form equation:

[ ΔT ] = [ R ] • [Q ] .

(5.1)

The elements in [∆T] represent Ti-Tamb for i=1st to Nth heat source. Equation (5.1) can be
expanded for a two heat source module to give a 2 x 2 thermal resistance matrix:

⎡ R11 ± r11
⎢R ± r
⎣ 21 21

R12 ± r12 ⎤ ⎡ Q1 ± q1 ⎤
⎡Tref ± t ref ⎤ ⎡ T1 ± t1 ⎤
+
•
⎢T ± t ⎥ = ⎢
⎥,
R22 ± r22 ⎥⎦ ⎢⎣Q2 ± q2 ⎥⎦
⎣ ref ref ⎦ ⎣T2 ± t 2 ⎦

(5.2)

where T1 is the maximum temperature of heat source 1 obtained by super-imposing temperatures
with only heat source 1 dissipating heat and with only heat source 2 dissipating heat. Similarly,
T2 is the maximum temperature rise of heat source 2 obtained by super-imposing temperatures
with only the heat source 1 dissipating heat and temperatures with only the heat source 2
dissipating heat. The lower case letters r, q and t represent the uncertainties associated with an
estimated resistance, power loss and the temperature respectively. A resistance Rij in the matrix of
Equation (5.2) is the temperature rise of heat source ‘i’ above the ambient temperature, caused by
unit heat dissipation of source ‘j’. The subscript ‘i’ denotes the row while the subscript ‘j’ denotes
a column of the matrix. The diagonal terms in the resistance matrix represent the self-heating
effect, while the cross-diagonal terms represent the mutual-heating effect between the chips. To
achieve a good thermal design in a multi-chip package, the mutual-heating resistances can be
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minimized as a function of design parameters (such as chip to chip distance or material
properties).
The uncertainty t in the computed temperatures T (Equation 5.2) can be obtained by
combining the uncertainties in the resistances (±r), power losses (±q) and the reference
temperatures (±tref). For example, the uncertainty in t1 is given by:

t 1 = ξ 2I + ξ 2II + t 2ref
where

and

ξ I = R 11 × Q 1 ×

ξ II = R 12 × Q 2 ×

r11
R 11

2

r12
R 12

(5.3)

q
+ 1
Q1
2

q2
+
Q2

2

(5.4)
2

(5.5)

The uncertainty in temperature T2 can be calculated in a similar fashion.
The purpose of this study is to examine the possibility of applying the superposition
methodology to the packaging structure of the IPEM and examine the error in predicting the
junction temperatures of the chips with different heat dissipations. Although the module can be
expected to show linearity in temperature rise at low power levels, and become non-linear if the
power is increased beyond a certain limit, our goal was to show that the assumption of linearity
will hold within the expected range of operation of the module.
For the purpose of this experimental study, the reference temperature Tref of Equation (5.2) is
the average ambient temperature, Tamb, during the experiments. Using characterization data
(relationship between the temperature rise of the chips and the power loss), this study computes
the junction-to-ambient thermal resistances Rij. It is necessary to compute four thermal resistances
R11, R12, R21 and R22 in order to use Equation 5.2. The proposed relationship for any chip ‘i’ has
the form:

ΔT = R (Q
)+ε
i-k
k
ij j - k

(5.6)

where Qj-k is the power level for the k-th observation, ΔTi-k is the corresponding temperature rise
(response) variable, and Rij is the average value of the resistance based on all observations. The
errors ε1, ε2, ε3, etc. are random error variables that cause the scatter around the linear relationship
regression model R×Q. These random errors can arise due to resolution (e.g. inaccuracy of
instrumentation such as thermocouples), and the due to process randomness (e.g. random
fluctuations in the turbulent air flow around the IPEM and heat sink). For any chip ‘i’, an estimate

R̂ ij of coefficient Rij is required such that the fitted line R̂ ij × Q j is close to the observation
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points (Qj-1, ΔTi-1), (Qj-2, ΔTi-2), (Qj-3, ΔTi-3), (Qj-4, ΔTi-4), ……(Qj-k, ΔTi-k),….. (Qj-n, ΔTi-n). One
such measure of closeness is the sum of squares of the deviations given by:
n

S(R ij ) = ‡”[ ΔTi

k

(R × Q j k )]2

(5.7)

( R × Q j k )](Q j k ) = 0

(5.8)

k =1

The least square estimate R̂ ij satisfies the equation:

SÝ(R ij )
RÝij

n

= 2‡”[ ΔTi

‡”Q
R̂ ij =

or

k

k =1

k

j k

( ΔTi k )

‡”Q

(5.9)

2
j k

k

Since εk is a random variable, using Equation (5.6) it can be seen that ΔTi-k is also a random
variable for any particular power level. Then, from Equation (5.9) it can be inferred that R̂ ij is
also a random variable since it depends on ΔTi-k. It can be shown that R̂ ij has a normal distribution
with mean value of Rij, and that R̂ ij is an unbiased estimator of Rij [39]. Using statistical
manipulations [39] a confidence interval for Rij can be determined based on the t-distribution. A
confidence interval can be thought of as a probability region for the mean value that gives an
indication of how far an estimate may be expected from the true value of the resistance. Thus, a
95 percent confidence interval suggests that there is a 95 percent probability that the true although
unknown value of Rij will be within the range ± ΔRij of Rij. A 95 percent confidence interval is
given by:

R ij, 95

percent

( )

= R̂ ij ± r = R̂ ij ± t (1 α / 2, n - 1)s R̂ ij = R̂ ij ± 1.796

‡”e
1)‡”Q
2
k

(n

2
j k

(5.10)

where s( R̂ ij ) is the standard deviation and n is the number of observations. Note that uncertainty
r obtained in Equation (5.10) is the one that is required in Equation (5.2).
The above analysis (Equations 5.6 to 5.10) for a given chip ‘i’ is based on the choice of our
regression model ΔT

i-k

= R (Q
) (linear relationship with zero coefficients). A numerical
ij j - k

estimate of the fitness of our model is provided by the parameter coefficient of determination:
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n

2
R COD

‡”e

SSE
=1
=1
SST

2
k

k =1
n

‡”ΔT

2

(5.11)

i k

n

‡”ΔT

2
i k

k =1

k =1

n

where SSE is the sum of the squares due to the residuals ek, and SST is called the total sum of the
squares. The coefficient of determination always lies between 0 and 1, with higher values
indicating a better regression model.
Six cases were run experimentally with both IGBTs dissipating power simultaneously. The
results from these direct measurements were compared with the results obtained indirectly using
the resistance matrix, to see if the predictions fall within the uncertainty intervals of each other.
The results are presented in Section 7.3.
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Chapter 6
Integrated Cooling Strategies for IPEMs
This chapter presents both passive and active novel integrated cooling strategies for IPEMs.
Passive cooling strategies such as using advanced materials or structural changes are usually less
expensive than active cooling, and do not require any additional energy input during the operation
of the device. On the other hand, active cooling is implemented in a system by addition of a fan
or a pump that would consume energy during operation. Implementing active cooling in an
electronic component or a system usually becomes necessary as its power dissipation increases.
For the purposes of this study, various possibilities for passive thermal management for IPEMs
were considered that include alternate ceramic materials, increasing thickness of top copper trace
and structural enhancements. The active novel thermal management strategies included the
double-sided cooling approach using traditional heat sinks and embedded microchannels. For
each study, the overall goal was to understand the limitations on cooling and to seek the optimal
design after considering trade-offs such as thermal performance, thermo-mechanical stresses, ease
of manufacturability, pumping requirements, costs, etc.

6.1 Integrated Passive Cooling Strategies
6.1.1 Ceramic Materials

In the study of ceramic materials, nine different scenarios were considered by using two
different ceramic materials, beryllia (BeO) and sintered silicon nitride (Si3N4), as an alternate to
using alumina in the ceramic carrier and the DBC ceramic layers of Gen-I IPEM. These materials
were chosen based on their high thermal conductivity and suitable electrical and mechanical
properties. Beryllia has a high thermal conductivity of 270 W/m-K compared to 26 W/m-K for
alumina. Sintered silicon nitride has a thermal conductivity of approximately 70 W/m-K. Detailed
electrical, mechanical and thermal properties of these materials can be found in Petch et al. [40].
The thermal performance of the module was studied for all possible combinations of ceramic
materials for the ceramic carrier and the DBC ceramic. These cases are summarized in Table 6.1
and the results are presented in Section 7.4.1.1.
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Table 6.1 Parametric studies using ceramic materials

Study

DBC Ceramic

Ceramic Carrier

1 (Baseline)

Al2O3

Al2O3

2

BeO

Al2O3

3

Al2O3

BeO

4

BeO

BeO

5

Si3N4

Al2O3

6

Al2O3

Si3N4

7

Si3N4

Si3N4

8

BeO

Si3N4

9

Si3N4

BeO

6.1.2 Copper Metallization Thickness

In this study, the thickness of the top copper metallization in Gen-I and Gen-II IPEMs was
varied from 0.25x to 6x, with 0.076 mm as the 1x thickness of the baseline model. This range of
thickness is chosen based on the practical bounds imposed by the electroplating fabrication
process. Due to its small thickness, the heat spreading on the metallization layer is poor even
though copper has a high thermal conductivity. The objective of this study was to investigate if
increasing the metallization thickness leads to any improvement in thermal performance by
facilitating greater heat spreading and reduction of hot spots.
While investigating the effect of top copper metallization thickness, special attention needs to
be paid to the stresses in the metallization layer that can cause delamination and failure. The
intrinsic residual stresses and thermo-mechanical stresses both contribute to the total stress in the
material. A method of obtaining the total stress is proposed by Zhu et al. [41], in which the
residual stress is experimentally evaluated by sample bending, and the thermo-mechanical stress
is evaluated using numerical simulation. Intrinsic residual stress is related to the process and layer
growth, and generally is temperature independent [41]. On the other hand, thermo-mechanical
stress is temperature dependent and arises when materials having different coefficient of thermal
expansion (CTE) are placed adjacent to each other. Due to this CTE mismatch, the materials
expand (contract) differently when heated (cooled), giving rise to mechanical strain and stress.
A thermo-mechanical stress model was developed using I-DEAS structural analysis and
simulations were performed for the different copper metallization thicknesses. This model, shown
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in Figure 6.1, includes only the IGBT chip, the polyimide layer, and the top copper metallization
layer, since it has been shown [42] that the critical stresses occur at the interface between the
silicon chip and copper metallization. Also, only the IGBT chip inter-connect pattern was
considered in stress analysis because the inter-connect pattern on the diodes is such that the
copper metallization covers most of the diode top surface.

Figure 6.1 Stress model showing the interconnect pattern at the copper metallization and
the IGBT chip interface

Based on previous experience [35], the model is restrained such that point 1 is constrained in Z
direction, and point 2 in XYZ direction. The stress was assumed to be zero at 20 ºC, the
temperature at which the copper metallization is deposited via electroplating. The temperature
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was increased from a uniform 20 ºC to the final temperature distribution predicted by the thermal
model.
The inputs to this stress model include the steady-state temperature distribution from thermal
models, Young’s modulus, Poisson’s ratio, and the CTE of each material. These material
properties are summarized in Table 6.2. It can be seen from the properties that the Young’s
modulus of polyimide (14 GPa) is an order of magnitude lower than that of silicon (185 GPa) and
copper (110 GPa). As a result, it acts as a buffer layer by absorbing a part of the stresses.
Table 6.2 Properties of materials used in the thermo-mechanical stress model

Young’s Modulus, GPA

Poisson’s Ratio

CTE

Copper

110

0.343

1.64 × 10-5

Polyimide

14

0.350

1.0 × 10-5

Silicon

180

0.275

2.2 × 10-6

6.1.3 Structural Enhancement

Previous work on PFC IPEM [35] showed that a simple modification by attaching a ceramic
substrate from the hotspot through the ceramic carrier to the DBC substrate can decrease the
temperature rise by 14 percent (5.5 °C). However, ceramic is a relatively poor heat conductor
from the hot-spots to the DBC. Another possibility is explored (shown in Figure 6.2), where a
DBC and a 3 mm thick copper heat spreader are attached to the top of the IPEM, and the top
copper heat spreader is connected to the bottom heat spreader. The footprint of the top heat
spreader is maintained same as the bottom heat spreader (45 mm × 60 mm). The two copper legs
that connect the top and the bottom heat spreaders are 10 mm wide, to cover nearly all possible
heat transfer area from the top to the bottom, subject to the constraints of the module and the heat
spreader footprint. The copper heat spreader and the structural enhancement act as an effective
path from the hot-spots to the heat sink. The DBC attached on top of the hot-spots is necessary
for electrically isolating the top copper traces from the heat spreader and the sink. The use of
high thermal conductivity ceramic beryllia in top DBC is explored in order to minimize the effect
of adding DBC between the hot-spots and the spreader.
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Figure 6.2 Structural enhancement from top DBC to heat sink (not drawn to scale)

6.2 Active Cooling Strategies
6.2.1 Double-sided Cooling

The 3-D structure of the IPEM makes thermal management more challenging due to higher
power densities. However, it also provides the opportunity for cooling through both the top and
bottom of the module, as shown in Figure 6.3.
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Figure 6.3 Double-sided Cooling Concept (not drawn to scale)

In order to implement the double-sided cooling for Gen-I IPEM, a heat sink with dimensions
79 mm (L) × 40 mm (W) × 33 mm (H) was attached to a DBC on the top side of the module. This
heat sink only covers a portion of the top surface and is approximately 65 percent smaller in area
than the heat sink at the bottom that has dimensions of 73 mm (L) × 73 mm (W) × 32 mm (H).
This was done due to space limitations of the package. Additional improvement is possible by
using a larger heat sink. The convection coefficient for both the single and double-sided cooling
was assumed to be 25 W/m2-K, a conservative value for forced convection. The ambient
temperature was assumed to be 50 °C. The performance of the Gen-I IPEM was characterized
under the different convection coefficients both with single and double-sided cooling.
Double-sided cooling was also implemented for Gen-II IPEM. As described in Section 3.2, the
baseline model for Gen-II IPEM has a 121 mm (L) × 121 mm (W) × 32.5 mm (H) heat sink with
a convection coefficient of 50 W/m2-K at 50 °C. In order to implement double-sided cooling, a
DBC was assumed to be soldered to the top copper metallization, and a smaller heat sink (with
area only 65 percent of the bottom heat sink) was attached to the top DBC.
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6.2.2 Integrated Micro-channel Cooling

The microchannels can be integrated directly into the structure of the IPEMs, eliminating the
need for adding bulky heat sinks. In addition to high heat transfer coefficients, gains in volume
and reduction in overall size of the electronic package can be realized by using optimal
microchannel configuration.
Figure 6.4 shows two possible configurations for the channels. In the first configuration, the
channels are embedded in the dielectric (polyimide) layer. The advantage of this configuration is
that the coolant flows much closer to the heat source, minimizing the junction-to-coolant thermal
resistance and enabling spot-cooling. The drawback is the low thermal conductivity of the
dielectric layer that impedes transfer of heat into the cooling fluid. As a result, this approach is
only feasible as an addition to the aluminum heat sink in the baseline model. The second
configuration in Figure 6.4 shows channels embedded in the bottom copper layer of the DBC. In
this case, the channels are not placed as close to the heat source, but the high thermal conductivity
of copper enables efficient transfer of heat into the cooling fluid. Using this configuration, it is
possible to completely eliminate the aluminum heat sink in the baseline model, and therefore also
eliminate the interface material between the module and the external heat sink.

Figure 6.4 Cross-section of IPEM with embedded microchannel cooling (not to scale)

The heat generated in an electronic package is usually removed from one side through a heat
spreader and a heat sink. However, the 3D IPEM packaging technology makes it possible to cool
the IPEM from both the top and the bottom side, using the traditional heat sinks as discussed
earlier, or using the DBC structure as shown in Figure 6.5. Based on heat transfer theory, several
channel dimensions and layout designs are proposed that integrate microchannel structures in the
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bottom copper of DBC layer of Gen-II IPEM. Simulations are performed for both single and
double-sided cooling and the designs are evaluated based on thermal performance, pressure drop
and ease of fabrication.

Figure 6.5 Cross-section of the IPEM demonstrating channels in DBC attached on both
sides of the module
6.2.2.1 Channels in Polyimide – Spot Cooling

The top of the chip is encapsulated by a polyimide film which serves as an electrical isolation
and as a surface for deposition of metallization layers. The design of the channels is limited by
the thermal and mechanical properties of the overcoat layer (polyimide layer) and the size of the
chip. The polyimide layer has a low thermal conductivity of around 0.3 W/m-K and also has a
tendency to absorb water. It is therefore desirable to find alternate materials. Some materials that
have been identified include Avatrel 2585P and PECVD oxide [43]. In order to evaluate the
potential for hot-spot cooling, the width and layout of the channels in the polyimide were chosen
so as to completely cover the locations of the hot-spots, as shown in Figure 6.6. Although it was
possible to use multiple smaller channels, the small dimensions would result in impractically high
flow velocities and pressure gradients. Therefore, two channels are used that are 1.45 and .45 mm
wide, and cover the hot-spot locations on top of the chips. The two channels are 50 μm deep, a
depth consistent with geometry since the polyimide layer in the baseline IPEM model is 76 μm
thick. In a practical application, there would be a maximum pressure available to pump the
coolant through the channels. A pressure of 100 kPa is therefore specified at the channel inlet.
The resulting flow rates through the top and bottom channels are 8.3 × 10-8 and 2.5 × 10-8 m3/s
respectively. Water is used as the cooling fluid to assess the feasibility of channels at this
location, though the water-absorbing nature of the polyimide might necessitate use of other
coolants. If the same coolant flows over both the hot-spots on the polyimide, it will cause sharp
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temperature gradients across the module, due to heating of the coolant that leads to non-uniform
cooling effect. Therefore, flow direction in the top channel and bottom channel was considered in
alternate directions.

Figure 6.6 Microchannels embedded in the overcoat polyimide layer of the IPEM, placed
directly over the location of the hot-spots (not drawn to scale)

Research at Rensselaer Polytechnic Institute [43] has demonstrated a process that can be used
to fabricate channels in the polyimide layer. An initial layer of polyimide is screen printed on top
of the chip and the chip carrier. Then, using a mask, a layer of sacrificial polymer is selectively
deposited on top to form the pattern of the channels. The thickness of the channels is determined
by the thickness of this sacrificial layer. Another layer of polyimide is then deposited on top.
Finally, a combination of pressure and heat can be applied to decompose the sacrificial layer and
obtain the channel cavities.
6.2.2.2 Integrated Cooling with Channels in DBC Copper

The focus of this part of the work is the investigation of different channel structures in the
bottom copper layer of the DBC. The continuing trend of electronic packages towards higher
heat dissipation and shrinking footprint requires innovative designs that are compact and
efficient. In the IPEM module, the bottom copper layer of the DBC substrate can have etched
channels for the flow of coolant, while the top copper layer can have multiple chips soldered on
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top of it. The alumina ceramic between the two copper layers ensures electrical isolation of the
chips from the cooling fluid. Therefore, the proposed structures integrate multiple chips and the
cooling solution into a single compact module. Although it has been shown that maximum
thermal performance (minimum overall resistance) of the cooler can be achieved by employing a
large number of very high-aspect ratio channels, such an approach is not feasible for all
applications since it involves greater pressure drops and pumping requirements. Further, there
may be manufacturing constraints on fabricating very high aspect ratio channels (especially in
copper), or the cost of manufacturing may be too high. For a medium power dissipation
application (such as the Gen-II IGBT/SiC Diode IPEM that dissipates 100 W), several designs are
proposed and evaluated based on trade-offs between thermal performance, pressure drop, flow
rate and manufacturing constraints. The approach for this work is as follows:
1. Derivation of an analytical model for heat transfer in microchannels. Tuckerman and Pease

[30] derived an analytical model for a water cooled microchannel heat sink on a silicon substrate.
However, their model assumed high aspect ratio channels such that the heat transfer from the top
and bottom of the channels can be neglected. Here, this assumption is relaxed and a more generic
model is derived that is applicable for any channel aspect ratio. Further, a scenario is considered
where multiple parallel channels are replaced by a single wide channel of very high aspect ratio.
2. Proposal of DBC microchannel cooler designs. The analytical model predicts thermal
resistance and pressure drop in channels for a given channel geometry and coolant flow rate.
Thermal resistance, pressure drop, flow rate and ease of fabrication are used as the criteria to
propose designs that can be used in the IPEM application.
3. Comparison of analytical model with FEA. Before simulating a channel design from step 2
within the structure of the IPEM, a finite element simulation of only the microchannel cooler (i.e.
only the copper layer with the embedded channels) is performed by specifying a constant heat
load of 100 W. This allows comparison of the values of thermal resistance and pressure drop
predicted by the analytical model to the values predicted by the finite element simulation, lending
confidence in the microchannel modeling using the finite element method.
4. Finite Element Analysis for evaluation of proposed designs with IPEM structure under single
and double-sided cooling. The analytical model enables quick evaluation of an extremely large

number of microchannel cooler designs by plotting the trends in thermal performance and
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pressure drop as functions of geometry. However, of eventual interest is the performance of a
given design in the IPEM structure that has a complex multi-layered geometry. The finite element
method can simulate proposed microchannel cooler designs in the structure of the IPEM, where
the flow of heat is three-dimensional and the heat flux on the microchannel cooler may not be
uniform. For both single and double-sided cooling cases, the Pugh decision making matrix
method is used to obtain a numerical rating for each case, as demonstrated in Table 6.3. This
method allows calculation of a composite review score or rating for each alternative [44]. In
Table 6.3, twice the weight is assigned to thermal performance and pumping requirements
(compared to ease of fabrication) since they are recurring costs during the operation of the
module. On the other hand, a more expensive or difficult fabrication process involves a fixed
penalty. The total of the weights add up to a 100. To get an average score for a given design case,
the scores are multiplied by the corresponding weights, a summation is performed down the
column, and the total is divided by a 100.
Table 6.3 Demonstration of Pugh decision making matrix method

Score

Criteria

Weight

Thermal Performance

40

….

….

Pumping Requirement

40

….

Ease/ Cost of Fabrication

20

Average

Case 1 Case 2 Case 3

….

…..

….

Case N

….

….

…..

….

…..

….

….

….

…..

….

…..

….

….

….

….

…..

….

…..

….

….

….

….

…..

….

…..

For design comparisons in Table 6.3, it is necessary to establish upper bounds on thermal
resistance, pressure drop and flow rate. From a practical standpoint, there will be some maximum
pressure and flow rate available to pump the coolant through the channels, so Δpmax = 100 kPa
and fmax = 10-4 m3/s are used as maximum feasible pressure and flow rate. Note that these are
simply upper bounds to facilitate numerical evaluations of our designs, and do not relate to the
characteristics of a pump (a pump curve shows the inverse relationship between pressure drop
and flow rate, with lower pressure available at higher flow rates and vice-verse). For thermal
resistance, the upper bound is chosen as ΔTmax = 33.6 °C, the temperature rise from the baseline
air-cooled model (any design case must at least perform better than the air-cooled baseline case).
For a given case, a numerical score (between 0 and 1) for thermal performance is calculated as
(ΔTmax –ΔT)/ ΔTmax, where ΔT is the temperature rise for that case. The product f⋅Δp is used an
indicator for pumping requirements. For each case a numerical score (between 0 and 1) is
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calculated as (fmax⋅Δpmax – f⋅Δp) / fmax⋅Δpmax, where f and Δp are the flow rate and pressure drop
for that case. Note that f⋅Δp represents a quantity that would be proportional to the pumping
power at the system operating point. The ease of fabrication is more difficult to quantify. A scale
of 0 to 1 is used (with 1 being the easiest to fabricate), but score is assigned based on experience
and knowledge of the fabrication techniques.
5. Performance comparison of integrated DBC microchannels with a commercially available
industry standard microchannel cooler. An industry microchannel cooler from Curamik® was

tested earlier using the experimental setup described in Chapter 4. Performance of the IPEM
using industry standard microchannel cooler is compared to the integrated DBC microchannel
cooler. The comparisons are presented for both single and double-sided cooling configuration.

Analytical Model – Channels in DBC Copper

The overall thermal resistance for a particular microchannel cooler design can be given as
[30]:

θ = θ conv + θ heat

(6.1)

where θconv is the resistance to convection of heat into the fluid, and θheat is the resistance to the
heating of the fluid as it flows through the channels and absorbs heat. The conduction resistance
of the copper can be safely neglected since copper has a very high thermal conductivity. The
conduction resistances of materials (such as DBC alumina) are not included in the overall thermal
resistance since they are constant and independent of the microchannel cooler design.
In order to facilitate calculation of the total convective thermal resistance, θconv, it can be noted
that a portion of the applied heat load Q is transferred directly into the coolant through the top
side of the channel wall with width wc, while the remaining portion is absorbed into the coolant
through the side walls of length z. The bottom cover base plate is assumed insulating (adiabatic).
A cross-section depicting the layout of the channels and boundary conditions is presented in
Figure 6.7. The channels have a footprint of L × W.
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Figure 6.7 Cross-section showing channel layout and boundary conditions (not to scale)

The convective thermal resistance to the heat transfer through top side of channel walls is given
by:
θ

conv, top

=

T
T
1
w
f, m
=
Q
nw Lh
top
c top

(6.2)

where Tw is the temperature of the copper wall, Tf, m is the mean temperature of the coolant in the
channels, Qtop is the portion of heat load Q that is transferred directly into the coolant through the
top side of the channel walls, htop is the heat transfer coefficient, and n is the number of channels.
The heat transfer coefficient in Equation (6.2) can be expressed using dimensionless Nusselt
number Nu = h × Dh/ kf, where Dh is the channel hydraulic diameter (four times cross-section area
divided by wetted perimeter) and kf is the thermal conductivity of the fluid. Equation (6.2) can
then be expressed as:
θ

conv, top

=

D

h
n × w × L × Nu
×k
c
top
f

(6.3)

The convective thermal resistance to the heat transfer through the side walls of the channels,
assuming infinite wall thermal conductivity, is given by:
T
T
1
w
f,m
θ
=
=
conv, wall
2× n × z× L× h
Q
wall
wall
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(6.4)

where Qwall is the portion of heat load Q that is transferred into the water through the side walls of
the channels, and hwall is the coefficient of heat transfer from the walls to the water. Expressing
hwall in terms of the dimensionless Nusselt number, Equation (6.4) can be expressed as:
D

θ

conv, wall

=

h
2 × n × z × L × Nu

wall

×k

(6.5)
f

As suggested by Tuckerman and Pease [30], to account for the finite thermal conductivity of side
walls (fins), Equation (6.5) can be divided by a fin efficiency term η to get:
D η 1
h
θ
=
conv, wall 2 × n × z × L × Nu
×k
wall
f

(6.6)

The fin efficiency term η is defined as the ratio of actual heat transfer from the fins to the heat
transfer if the fins were infinitely conductive. Using Incropera and Dewitt [15], fin efficiency is
given by:

η=

N=

where

tanh( N )
N

(6.7)

2 × z × Nu wall × k f
kw × wc

(6.8)

The term kw represents the thermal conductivity of channel walls. In deriving Equation (6.8) it is
assumed that channel width wc will be equal to wall width ww, since it maximizes fin efficiency
[30].
To obtain an expression for overall convective thermal resistance, note that the thermal
resistances given by Equations (6.3) and (6.6) are in parallel. Therefore, the overall convective
thermal resistance is given by:

⎛
⎞
1
1
⎟
θ
=⎜
+
⎟
conv ⎜ θ
θ
conv, top ⎠
⎝ conv, wall

−1
(6.9)

Evaluating the overall convective resistance given by Equation (6.9) requires Nusselt number
Nutop in Equation (6.3) and Nuwall in Equation (6.6). The Nusselt number is a function of both the
aspect ratio of the channels and the thermal boundary condition of the walls. Kandlikar et al. [45]
notes that it is challenging to identify the true wall boundary condition when analyzing
microchannels because of closely spaced heat sources, and two-dimensional effects in the base
and fins. Shah and London [46] have tabulated Nusselt numbers for fully developed laminar flow

55

in rectangular ducts, with H1 boundary condition and with one or more channel walls dissipating
heat. For the two cases of interest here, the Nusselt numbers for a few different channel aspect
ratios are shown in Table 6.4. The H1 boundary condition identified in literature implies a
constant axial wall heat flux with constant peripheral wall temperature [46]. This assumption is
likely to produce some error in the solution since the true boundary condition is expected to lie
somewhere between constant heat flux and constant temperature boundary condition.
Table 6.4 Nusselt numbers for fully developed laminar flow in rectangular ducts and one or
more walls heating, assuming H1 boundary condition [46]

Aspect ratio 2b/2a

Nuwalls

0.0

0

8.235

0.1

0.538

7.248

0.2

0.964

6.561

0.3

1.312

5.997

0.5

1.854

5.203

1.0

2.712

4.094

2.5

3.777

2.598

10.0

4.851

0.975

∞

5.385

0

2a

Nutop

2b

Equation (6.9) gives the convective thermal resistance for multiple parallel rectangular channels.
For a single wide channel, it is given by:
D

θ

conv, s

=

h
L × W × k × Nu
f
‡

(6.10)

where Nu∞ can be approximated as 5.385 using Table 6.4 when channel height z is much smaller
than width W, resulting in a very high aspect ratio.
Finally, the thermal resistance due to the heating of the fluid as it passes through the channels
and absorbs heat, is given by:
θ

heat

=

1
ρC f
P
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(6.11)

where ρ and CP are the density and specific heat of the fluid respectively. Now that the
expressions for convection and heating thermal resistance are known, the overall thermal
resistance of the microchannel cooler can be obtained from Equation (6.1). For multiple parallel
rectangular channels, it is given by the sum of Equations (6.9) and (6.11). For a single channel,
the thermal resistance is given by sum of Equations (6.10) and (6.11).
By considering the force balance between the pressure that drives the flow and the opposing
friction force due to wall shear stress, an expression for pressure drop Δp over length L of the
channel can be written as:
2 × Po × μ × u
Δp =

m

×L

D2
h

(6.11)

where Po is called the Poiseuille number, um is the mean velocity of the coolant, and μ is the
dynamic viscosity of the coolant. The Poiseuille number is a product of friction factor f and flow
Reynolds number, Re. It is constant for a fully developed laminar flow profile and depends only
on the geometry of the channel. For a rectangular channel, Poiseuille number can be calculated as
[46]:
Po = 24 (1 - 1.3553α c + 1.9467 α c2 - 1.7012 α 3c + .9564 α c4 - 0.2537 α 5c )

(6.12)

where α C is the aspect ratio of channel (short side over longer side). It can be seen from Equation
(6.12) that for a single high aspect ratio channel, Po is approximately 24.
Using Equation (6.1) and (6.12) it is possible to plot θ and Δp versus z for different channel
widths in case of multiple parallel channels, and also for a single high aspect ratio channel.
Although θ decreases with decreasing w, 200 μm is chosen as minimum for w due to fabrication
(cu etching) concerns. The trend of θ and Δp for a larger channel width equal to 500 μm is also
shown. For a given channel aspect ratio, θ and Δp are calculated at maximum laminar flow given
by:
Re
f

lam

=

lam

×μ× n × w × z
c
ρ× D
h

(6.13)

where Relam is the maximum Reynold’s number for laminar flow that is conservatively assumed
to be 2100. For a single wide channel,
Re
f

lam, s

=

×μ× W × z
lam
ρ× D
h
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(6.14)

The plot is shown in Figure 6.8. The MATLAB® code used for the plot is given in Appendix D.
For each case, the footprint covered by the channels is 37.8 mm × 33.2 mm, the area of DBC in
the Gen-II IGBT/SiC Diode IPEM application that is of interest to us.

Figure 6.8 Convective thermal resistance and pressure drop for laminar flow in rectangular
channels with widths 500 μm, 200 μm and a single wide channel

Figure 6.8 shows the expected trend, with 500 μm channels having higher thermal resistance
compared to 200 μm wide channels (heat transfer coefficient h varies inversely with hydraulic
diameter Dh). For multiple parallel channels, the thermal resistance initially increases and then
starts to decrease with increasing channel depth (when the effect of increasing hydraulic diameter
is less significant compared to the effect of larger Nusselt numbers). For a single channel, the
thermal resistance increases linearly with depth. This is because the hydraulic diameter increases
while the Nusselt number remains almost constant. The pressure drop also shows the expected
behavior, decreasing with the increasing values of depth z. This is because the hydraulic diameter
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increases with increasing z, and the pressure varies inversely with the square of hydraulic
diameter.
For 200 μm wide channels, no appreciable decrease in thermal resistance or pressure drop can
be realized beyond channel depth of 450 μm. Therefore, wc = ww = 200 μm and z = 450 μm is
chosen as one of the designs. For a single channel there is no minimum value of channel depth,
but under the constraint of maximum feasible pressure Δpmax = 100 kPa, design 2 is chosen with
the channels 113 μm deep. For a single channel it can also be seen that pressure becomes almost
constant and does not decrease appreciably for z > 200 μm. Therefore, design 3 is a single wide
rectangular channel that is 200 μm deep. The three structures are summarized in Table 6.5 and
shown in Figure 6.9. Note that if a structure is used on both top and bottom side of the IPEM, the
pressure requirement specified in Table 6.5 is still valid, but twice the flow rate will be required.
Table 6.5 Proposed micro-channel structures for integrated IPEM cooling

um

Structure

wc, mm

z, mm

θconv + θheat, °C/W

f, cm3/s

1

0.200

0.450

0.034

31.1

4.2

35.6

2

W = 33.2

0.113

0.064

19.2

5.1

99.0

3

W = 33.2

0.200

0.104

19.3

2.9

17.9

(a)

59

cm/s

Δp, kPa

(b)

(c)

Figure 6.9 Proposed microchannel structures for integrated IPEM cooling
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In the next step, a simple finite element simulation is performed for the 3 structures of the
microchannel cooler (i.e. only the copper layer with the embedded channels) under constant heat
load of 100 W. The thermal resistance for each case is then calculated as ΔT/Q. This allows
comparison of the values of thermal resistance and pressure drop predicted by the analytical
model to the values predicted by the finite element simulation, lending confidence to the
microchannel modeling using finite element method. Then, the three structures in the IPEM are
simulated under single and double-sided configuration. The design matrix in Table 6.3 is used for
comparative evaluation of the six simulation cases.
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Chapter 7
Results and Discussion
7.1 Sensitivity of Baseline Model to Critical Input Parameters
This section presents the results of sensitivity of the thermal output parameters to the critical
+
input parameters in the IPEM models. The dimensionless sensitivity coefficients, X ij of the

thermal input parameters provided in Table 3.3 and Table 3.4 are shown in Figure 7.1(a) and
Figure 7.1(b) respectively. The most sensitive parameters in the thermal models are the power
losses of the chips, followed by the flowrate of air, and the thermal conductivity and thicknesses
of the solder layer under the chips. Therefore, a small variation in the values of these inputs can
cause significant changes in the output temperatures. On the other hand, the thermal properties
and thicknesses of epoxy are insignificant, since variation in their values do not cause any
noticeable changes in the outputs.

(a)
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(b)
Figure 7.1 Dimensionless sensitivity coefficients of the critical inputs in the baseline thermal
models of (a) Gen-I and (b) Gen-II IGBT IPEMs

7.2 Experimental Validation Results
The experimental setup and procedures for validating the finite element models were presented
in Chapter 4. This first section presents the results of validating the Gen-I and Gen-II IPEM
baseline thermal models that are cooled using a traditional aluminum heat sink and a fan. The
second section presents the results of validating the simplified IPEM structure with a
commercially available microchannel cooler.
7.2.1 Validation of IPEM Air-Cooled Model

The validation results for Gen-I IPEM in terms of maximum temperature rise are provided in
Table 7.1. Corresponding to validation cases 1 and 2, Figure 7.2(a) and Figure 7.2(b) show the
temperature distribution on the top surface of the IPEM obtained from the IR image and the finite
element model.
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Table 7.1 Validation results for Gen-I IPEM

Case

Case 1

Case 2

Max. experiment

Max. simulated

Temp.

temp. (°C)

temp. (°C)

difference (°C)

Run 1 (IR)

34.4 ± 2.0

Run 1 (TC)

32.6 ± 0.5

Run 2 (IR)

33.5 ± 2.0

Run 2 (TC)

32.6 ± 0.5

+0.1

Run 1 (IR)

49.8± 2.0

-1.6

Run 1 (TC)

48.6± 0.5

Run 2 (IR)

49.9± 2.0

Run 2 (TC)

48.6± 0.5

+1.9
32.5 ± 0.7

51.4 ± 2.0

(a)
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+1.0

-2.8
-1.5
-2.8

32.5 °C

34.4 °C

+0.1

51.4 °C

49.8 °C

(b)
Figure 7.2 Comparison of Gen-I IPEM surface temperature distribution from experiment
(run 1) and simulation for validation (a) case 1 and (b) case 2.

From the results in Table 7.1 and Figure 7.2 it can be seen that the maximum temperature rise
between experiment and simulations show reasonable agreement (less than 2 °C difference). The
maximum temperature rise for case 2 shows greater difference (2.8 °C) compared to case 1. The
simulated and measured temperature distributions away from the heat source also show
differences for this case.
The validation results for Gen-II IPEM in terms of maximum temperature rise are provided in
Table 7.2. Corresponding to validation cases 1-3, Figure 7.3(a), Figure 7.3(b) and Figure 7.3(c)
show the temperature distribution on the top surface of the IPEM obtained from the IR image and
the finite element model. For cases 2 and 3, the maximum temperature data was obtained from IR
images and thermocouples were only used for calibration.
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Table 7.2 Validation results for Gen-II IPEM

Case

Case 1 (IGBT 2)

Case 2 (Diodes 3 and 4)

Case 3 (Diodes 1 and 2)

33.4 ± 2 °C

Max. experiment

Max. simulated

temp. (°C)

temp. (°C)

Run 1 (IR)

33.5 ± 2.0

Run 1 (TC)

32.0 ± 0.5

Run 2 (IR)

33.4 ± 2.0

Run 2 (TC)

32.0 ± 0.5

Run 1 (IR)

30.3 ± 2.0

Run 2 (IR)

30.1 ± 2.0

Run 1 (IR)

31.6 ± 2.0

Run 2 (IR)

31.3 ± 2.0

32.3 ± 0.3 °C
(a)
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Temp.
difference
(°C)
+1.2

32.3 ± 0.3

-0.3
+1.1
-0.3

29.9 ± 0.4

30.8 ± 0.4

+0.4
+0.2
+1.8
+0.5

29.9 ± 0.4 °C

30.3 ± 2 °C
(b)

31.6 ± 2 °C

30.8 ± 0.4 °C

(c)
Figure 7.3 Comparison of Gen-II IPEM surface temperature distribution from experiment
(run 1) and simulation for validation (a) case 1 and (b) case 2

From the results in Table 7.2 and Figure 7.3 it can be seen that the maximum temperature rise
between experiment and simulations show reasonable agreement (less than 2 °C difference). The
simulated and measured temperature distributions away from the heat source show greater
differences compared to region around hot-spots.
7.2.2 Validation of Simplified IPEM structure with Micro-cooler

The results of the six validation cases are presented in Table 7.3. The heat loads and flow rates
for these cases were specified in Table 4.3. The temperatures T1 and T2 correspond to the
temperature rise under heat sources Q1 and Q2 respectively, as shown in Figure 3.5. The
uncertainties in the temperatures T1 and T2 are calculated using the procedure shown using
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Equation (3.3) through (3.7). The critical input parameters that were considered to contribute
uncertainty in T1 and T2 are the heat loads, flow rate and the interface resistance between the
DBC and the microchannel cooler. Based on experience and the accuracy of the instrumentation,
the measurement uncertainties in heat loads and flow rates were considered to be ±0.2 W and
±0.2 cm3/s respectively. The uncertainty in interface resistance was considered to be ±0.1 °C/W.
Due to limited accuracy of the thermocouples, the uncertainty in measured temperatures is
approximately ±0.5 °C. Table 7.3 also shows the temperature rise of water predicted from
numerical simulations, ΔTw, sim, and the measured temperature rise of water ΔTw, exp (above the
inlet ambient temperature Tinlet). Overall, the measured and predicted temperatures show
reasonable agreement. The predicted pressure drops Δpsim were adjusted using Equation (3.3).
Table 7.3 Results of validation of simplified IPEM structure with micro-cooler

Case

1

2

3

4

5

6

Tinlet

T1,exp

(± 0.5

(± 0.5

°C)

°C)

27.2

28.1

30.6 ± 0.3

27.1

28.1

27.2

T2, exp

T2, sim

ΔTw, exp

ΔTw, sim

ΔPexp

ΔPsim

(°C)

(°C)

(°C)

kPa

kPa

38.3

37.3 ± 1.0

1.8

1.5
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26.9

41.0
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29.6 ± 0.2

0.2
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0.34

27.3

41.3

43.1 ± 1.1
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0.3
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0.34

27.6

48.5

47.9 ± 1.5

41.3
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0.03

27.6

48.1

47.9 ± 1.5

41.8
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0.03

27.4

43.2

45.1 ± 1.2
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38.7 ± 0.8
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(°C)

(± 0.5
°C)

7.3 Thermal characterization and Evaluation of Resistance Matrix
The characterization data for the chips of IGBT IPEM are shown in Figure 7.4. A linear curve
is fitted through the collected data to represent the relationship between the chip temperature rise,
ΔT and the power loss, Q. The temperature rise is defined as the maximum temperature of the
chip above the average ambient temperature. The slope of the fitted line characterizes the thermal
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resistance from the chip to the ambient, Rja. Using the characterization data, it is possible predict
the maximum temperature of the chips with the desired power loss under forced air cooling.
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(a) Temperature rise of IGBT 1 due to dissipation by IGBT 1
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(b) Temperature rise of IGBT 1 due to dissipation by IGBT 2
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(c) Temperature rise of IGBT 2 due to dissipation by IGBT 1
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(d) Temperature rise of IGBT 2 due to dissipation by IGBT 2
Figure 7.4 Experimental characterization curves for Gen-II IGBT IPEM
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Experimental verification of the methodology was necessary to show that the approach is valid
over the range of temperature rise of interest, and non-linear effects (ignored in numerical
simulations by assumption) such as radiation do not come into play within that range. By
following the methodology proposed in Chapter 5, a resistance matrix for the IGBT IPEM was
obtained as:
R ± r ⎤ ⎡1.350± 0.192 0.448± 0.005⎤
⎡R ± r
12 12 =
R = ⎢ 11 11
R ±r
R ± r ⎥ ⎢⎣0.416± 0.010 1.533± 0.032⎥⎦
⎣ 21 21 22 22⎦

(7.1)

and substituted into Equation (5.2). All resistances in Equation (7.1) have units of °C/W. Using
Equation (5.11) the coefficient of determination matrix is:

⎡0.954 0.998⎤
2
R COD
=⎢
⎥
⎣0.995 0.988⎦

(7.2)

The results show that IGBT 2 has higher junction-to-ambient thermal resistance (1.533 ± 0.032
°C/W) compared to that of IGBT 1 (1.350 ± 0.192 °C/W). This is mainly due to the nonsymmetrical physical structure of the module such as differences in top metallization and DBC
trace areas, and the position of the chips within the IPEM. There is higher uncertainty in R11 and
R12, compared to the uncertainty in R12 and R21. We also note that the coefficient of determination
in Equation 7.2 is higher for R12 and R21, indicating that the chosen regression model better
represents the actual data. This can also be inferred from Figure 7.5 that plots the regression
model residuals ΔTi-k – Rij ×(Qj-k) versus Qj-k, for each of the four estimated resistances.
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Figure 7.5 Scatter plot for residuals of regression model used in thermal characterization of
IGBT IPEM

71

Different combinations of power levels (Q1 ± q1, Q2 ± q2) ranging from 10 to 35 watts per
IGBT chip were evaluated.

Table 7.4 lists the prediction error in temperatures using the

resistance matrix compared to those obtained directly by powering both chips. The uncertainties
q1 and q2 were approximated to be ± 0.5 W. The results show that the resistance matrix of
Equation (5.2) can predict the temperatures with reasonable accuracy in the total heat dissipation
range of 10 W to 50 W. The predicted temperatures for IGBT 1 have larger uncertainties,
compared to the uncertainties in predicted temperatures for IGBT 2. This is mainly due to the
larger uncertainty in R11, compared to other resistances. Note that resistance matrix works well
for both symmetrical and non-symmetrical heat dissipation in the multi-chip module.
Table 7.4 Prediction errors using thermal resistance matrix for Gen-II IGBT IPEM

Heat Losses (W)
Case

Temperature for IGBT 1 (°C)

Temperature for IGBT 2
(°C)

Direct

Resistance

Direct

Resistance

Measurement

Matrix

Measurement

Matrix

3.5 ± 0.5

29.3 ± 0.5

30.3 ± 1.1

29.5 ± 0.5

30.3 ± 0.8

7.5 ± 0.5

6.3 ± 0.5

34.6 ± 0.5

36.2 ± 1.6

34.6 ± 0.5

36.1 ± 0.9

3

11.2 ± 0.5

9.7 ± 0.5

41.2 ± 0.5

43.4 ± 2.3

41.6 ± 0.5

43.5 ± 0.9

4

15.1 ± .5

13.5 ±0.5

47.7 ± 0.5

50.6 ± 3.0

49.2 ± 0.5

51.0 ± 0.9

5

19.5 ± .5

19.1 ± .5

56.9 ± 0.5

58.6 ± 3.8

60.8 ± 0.5

61.1 ± 1.0

6

24.9 ± 0.5

24.1 ± .5

66.7 ± 0.5

68.5 ± 4.8

72.3 ± 0.5

71.4 ± 1.2

IGBT 1

IGBT 2

1

4.1 ± 0.5

2

7.4 Integrated Cooling Strategies for IPEMs
7.4.1 Integrated Passive Cooling Strategies

7.4.1.1 Ceramic Materials
The results of using different ceramic materials in the Gen-I IPEM are shown in Figure 7.6.
The results show the maximum temperature rise of the IGBT, SiC diode, and the average
temperature rise of the module.
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Figure 7.6 Temperature rise using different combinations of ceramic materials in the DBC
and carrier

The most improvement in thermal performance is observed for case 4 (see Table 6.1), when
beryllia is used both for the carrier and the ceramic in the DBC. This case yields approximately
3.9% reduction in the maximum temperature rise of the IGBT and the diode. The next best
alternatives are cases 2 and 8 that offer approximately 3.7% decrease in the temperature rise. For
both cases, beryllia is used for the DBC ceramic. It can be seen from the results of cases 1-9 that
the effect of increasing the thermal conductivity of the DBC ceramic is more significant than that
of increasing the conductivity of the ceramic carrier. The DBC ceramic lies directly in the heat
flow path between the heat sources and the sink. It plays a role in transferring the heat from the
sources to the sink and also spreading the heat in the lateral direction. Therefore, its thermal
conductivity has considerable impact on the thermal performance. On the other hand, the ceramic
carrier is positioned in parallel with the heat sources. The fraction of heat traveling from the
sources to the ceramic carrier is small. This is partially due to the extremely low thermal
conductivity of the epoxy that separates the ceramic carrier from the heat generating chips.
7.4.1.2 Effect of Top Copper Metallization Thickness
The effect of changing the thickness of the top copper metallization on the temperature rise
was negligible. For a six-fold increase in the metallization thickness, the maximum temperature
decreased by less than 0.2 ºC. Similarly, decreasing the copper metallization thickness led to
virtually no change in temperatures. Changes in temperatures are so small that it is not a valid
design constraint thermally to vary the Cu thickness. One possible reason for this insensitivity is
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that there is no heat sink attached to the top copper metallization, and the heat is traveling mostly
through the bottom of the module and into the heat sink. Another possible factor is the small
contact area between the chips and the copper metallization that can impede the transfer of heat.
The results of Von-Mises stresses at the interface between the silicon chip and copper
metallization for Gen-I and Gen-II IPEM are shown in Figure 7.7. Note that in general, the higher
stresses in the Gen-I model can be attributed to the fact that the temperatures of the baseline GenI model are also higher. The stresses in silicon and copper show similar trends in Gen-I and GenII IPEM when the thickness of the metallization is varied. For both modules, the stresses in
copper decrease as thickness is varied from 0.25x to 3x, then increase when thickness is varied
from 3x to 6x. Similarly, the stresses on silicon chip in both Gen-I and Gen-II IPEM increase as
metallization thickness is varied from 0.25x to 3x, and then decrease as metallization thickness is
varied from 3x to 6x. Note that the similarity of trends between Gen-I and Gen-II cases is despite
the fact that each of the two modules has a different interconnect pattern, thickness of the
polyimide layer, and thickness of the IGBT chip.

(a)
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(b)
Figure 7.7 Thermo-mechanical stresses on silicon and copper of (a) Gen-I and (b) Gen-II
IPEM when metallization thickness is varied from 0.25x to 6x

The stress in copper metallization of both Gen-I and Gen-II module shows a sharp increase
when the thickness of the metallization is reduced below the baseline thickness of 0.076 mm. It
can also be noted that changing the metallization thickness from 1x to 4x causes only a small
increase in the stresses on silicon layer, but decreases the stresses on copper metallization
appreciably. For Gen-I IPEM, the stresses in silicon show only 4 % increase (from 138.2 to 143.8
MPa) when metallization thickness is increased to 4x. The corresponding decrease in the stresses
in copper is 20 % (from 135.5 to 108.8 MPa). Similarly, for Gen-II IPEM, the stresses in silicon
show a negligible increase (from 110.3 to 110.8 MPa) when metallization thickness is increased
to 4x. The corresponding decrease in the stresses in copper is 14 % (from 110.4 to 94.6 MPa).
The comparisons are shown in Figure 7.8.
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(a)

(b)
Figure 7.8 Stresses in silicon and copper layer of (a) Gen-I and (b) Gen-II IPEM
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7.4.1.3 Structural Enhancements
The result of adding the copper cap structural enhancement described in Section 6.1.3 is
shown in Figure 7.9. For the case when DBC with alumina as the ceramic is added between the
module and the enhancement, the temperature rise on top of the IGBT chips is found to decrease
by 9 percent (3 °C reduction in temperature rise). When beryllia is used as the ceramic material
for the top DBC, the temperature distribution remains virtually unchanged. This shows that
addition of the DBC between the top of the module and the structural enhancement is not a factor
responsible for the limited improvement in thermal performance when employing this approach.
Rather, the dominant resistance is due to the limited contact area available for the heat to flow
from the top side of the module to the bottom heat sink. Therefore, the results of using doublesided cooling are presented next, where the addition of another heat sink on the top side removes
this limitation.

Figure 7.9 Temperature distribution on top of chips for (a) baseline case (b) case with top
DBC and structural enhancement, and (c) case with top DBC with beryllia as ceramic and
structural enhancement
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7.4.2 Active Cooling Strategies

7.4.2.1 Double-sided Cooling
Double-sided cooling was employed to take advantage of the fact that planar metallization
inter-connect technology of the IPEM, unlike traditional wire-bond technology, offers the
opportunity to extract heat from both top and bottom of the module. The maximum temperature
of the Gen-I IGBT IPEM by employing double-sided cooling was reduced by 12.4 °C, a 28
percent decrease in temperature rise of the module. The maximum temperature of the Gen-II
IGBT IPEM by employing double-sided cooling was reduced by 8.9 °C, a 26 percent decrease in
temperature rise of the module. The temperature distributions are shown in Figure 7.10. For each
module, although the heat sink used on the top was 65 percent smaller than corresponding heat
sink at the bottom, there is a significant improvement in thermal performance. Note that Gen-I
and Gen-II IPEMs have a different structure and heat sink size. However, relative to its baseline
model, each module shows a similar percentage improvement in thermal performance when
double-sided cooling is employed. Additional improvement in the thermal performance is
possible by using a larger heat sink on the top. Another possibility is a higher convection
coefficient using the same heat sink. This can be achieved by changing the fan parameters
accordingly.
The temperature rise of Gen-I IPEM is plotted in Figure 7.11 for different convection
coefficients and for both single and double-sided cooling. With an increasing convection
coefficient, the drop in the temperature is steep in the beginning but then levels off. This is due to
the fact that it becomes harder to remove heat from the structure as the temperature of the
structure gets closer to the ambient. Thus, increasing the convection coefficient is advantageous
only up to a certain limit. For our case, increasing the convection coefficient beyond 110 W/m2-K
will not produce any significant improvement in the thermal performance of the module. These
results simply propose an upper bound for the convection coefficient. Constraints on fan and
input power would typically limit the maximum convection coefficients that can be achieved
practically.
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(a)

(b)
Figure 7.10 Temperature distributions of (a) Gen-I and (b) Gen-II IPEM, with and without
double-sided cooling
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Figure 7.11 Temperature rise for Gen-I IPEM with single and double-sided cooling using
different convection coefficients

7.4.2.2 Integrated Microchannel Cooling
This section presents the results of simulations performed to investigate the potential for hotspot cooling using channels embedded in the polyimide layer, and to investigate channels
embedded in the DBC copper layer as an alternative to traditional air-cooled heat sink in the
baseline model.
7.4.2.2.1 Channels in Polyimide – spot cooling
The temperature distributions on the copper metallization and the bottom of the polyimide
layer, for both the baseline model and our microchannel design case are shown in Figure 7.12.
The dashed line shows the location of the IGBT chips on top which the channels were embedded.
At the expense of maximum feasible pressure of 100 kPa that was specified at the inlets, and the
air-cooled heat sink of our baseline model, the reduction in temperature rise is marginal (only 4.1
°C reduction in maximum temperature rise). This shows that any gains in thermal performance
that might be expected from the suitable location of these channels are offset by the very low
thermal conductivity of the polyimide material (∼ 0.3 W/m-K).
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Figure 7.12 Temperature distribution of the Gen-II IPEM for the baseline model and with
embedded microchannels in polyimide.

7.4.2.2.2 Integrated Cooling with Channels in DBC Copper
The design methodology for this work was presented in Section 6.2.2.2. Based on the
analytical solution, three designs were proposed that employ channels integrated in the bottom
copper layer of the DBC. Table 7.5 compares the thermal resistance and pressure drop for the
three structure predicted by the analytical solution to the values obtained from FE simulations.
Since the FE simulation only considered the copper and the embedded channels, the resulting
thermal resistance is the sum of only the convective and the heating resistances (conduction in the
thin copper layer can be safely neglected). The comparison of thermal resistances in Table 7.5
shows an exact match for the three decimal places of accuracy considered here. The pressure drop
comparisons also show reasonable agreement, with minor discrepancies that most likely arise
from the correlation used for calculation of the Poiseuille number for a given rectangular duct
aspect ratio.
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Table 7.5 Comparison of thermal resistance and pressure drop of three proposed structures
using analytical model and FE simulation

Analytical Model
Design

wc, mm

z, mm

f, cm3/s

θconv + θheat,
°C/W

Δp, kPa

FE Simulation
θconv + θheat,
°C/W

Δp, kPa

1

0.200

0.450

31.1

0.034

35.6

0.034

34.1

2

W = 33.2

0.113

19.2

0.064

99.0

0.064

96.9

3

W = 33.2

0.200

19.3

0.104

17.9

0.104

17.6

The Pugh matrix used for numerical comparison of our microchannel cooling cases is shown
in Table 7.6. Cases 1-3 correspond to single sided cooling of the Gen-II IPEM with structures 1-3
presented in Table 6.5. Cases 4-6 correspond to the performance of the IPEM with double-sided
cooling configuration when the DBC microchannel structure is added to the top side of the
module as well. Cases C1 and C2 correspond the performance of the IPEM using non-integrated
commercial microchannel cooler, under single and double-sided cooling configuration. Thus,
cases C1 and C2 serve as industry standard benchmarks. For a given case, the procedure for
obtaining a score for each criteria and then obtaining the weighted average score for the design
case was specified in step 4 in Section 6.2.2.2. The temperature distributions on the embedded
chips for each case are shown in Figure 7.13. Considering trade-off between thermal
performance, pressure drop and manufacturing constraints, case 6 provides the best performance
with only 17.5 kPa pressure drop and 36 % reduction in temperature rise compared to doublesided air-cooled model (slightly better thermal performance than the commercial cooler). For a
typical IPEM structure dissipating on the order of 100 W of heat, it can be seen that single microchannel copper heat sink can achieve comparable performance to that of multiple parallel
channels under double sided cooling configuration. Therefore, considering pumping requirements
and fabrication concerns, a single channel with high aspect ratio is desirable compared to multiple
narrow channels for such application. Finally, it can also be noted that integration of the microcooling into DBC substrate eliminates interface thermal resistance between the substrate and heat
sink, and enables realization of greater reductions in overall size.
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Table 7.6 Pugh matrix for numerical comparison of integrated designs

Score
Criteria

Weight

Single-sided Cooling

Double-sided Cooling

1

2

3

C1

4

5

6

C2

Thermal Performance

40

0.41

0.32

0.20

0.23

0.53

0.48

0.41

0.43

Pumping Requirement

40

0.89

0.81

0.97

0.92

0.78

0.62

0.93

0.84

Ease of Fabrication

20

0.50

1.00

1.00

1.00

0.50

1.00

1.00

1.00

0.62

0.65

0.67

0.66

0.62

0.64

0.74

0.71

Average

Figure 7.13 Temperature distribution of the IPEM for single and double-sided
microchannel cooling
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Chapter 8
Conclusions and Recommendations
The overall objectives outlines in Section 1.3 were achieved through this work. The first
section of this chapter presents the conclusions and contributions of this work. This section also
presents the design guidelines for the component level integrated thermal management of IPEMs,
formulated based on the conclusions drawn from the studies in this work. This is followed by
future directions and recommendations for continuation of this research.

8.1 Summary, Conclusions and Contributions
The thermal design methodology in this work combined the use of analytical solutions, 3D
computational software tools and experimental techniques, to identify the best suited strategies
for integrated thermal management of embedded power modules such as IPEMs. With the
increasing power density of electronic packages, thermal management has moved from an
afterthought in the product design to the early stages of the design cycle. One cost-effective way
to realize this is the use of 3D computational design tools. Therefore, using state of the art
modeling techniques, detailed thermal and thermo-mechanical models of the IPEMs were
constructed to assess the feasibility of novel thermal management strategies, understanding their
fundamental and practical limitations, and their effect of thermo-mechanical stresses on the
module. To address the computational challenge involved in modeling complex multi-layered
structure of an IPEM, several interface and boundary conditions were selectively represented by
simplified equivalent thermal resistances and conductances such that it would not comprise the
accuracy of the model. In order to gain confidence in the developed models, bench-top wind
tunnel experiments were used to test if the predictions of the model lie within the uncertainties of
the model and the experiments. The validated models provided a valuable tool to complement the
experimental approach in assessing the thermal behavior of IPEMs and evaluating thermal
management strategies. Based on the studies and experience working with the embedded power
modules, the following guidelines can be given for thermal management:

1. Critical Interfaces. For efficient thermal management of any electronic package, it is vital to

understand the role of interface materials in transferring the heat out of the package to the
ambient medium. The differences in the thermal performance between different samples of an
electronic package can in large part be attributed to the variation at the interfaces. While the
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dimensions of the baseline structural materials are usually known to a reasonable accuracy, the
quality of the interfaces can show appreciable variations between one batch of samples and
another. For example, in an IPEM package, the dimensions of the chips, ceramic carrier, DBC
ceramic and the copper layers are usually known to a reasonable degree of accuracy. On the other
hand, the dimensions of the polyimide, epoxy and solder layers are likely to show variations
between one batch of module and another. Sensitivity analysis was used to determine the impact
of the thickness and conductivity of each of these interface materials on the thermal performance
of the IPEMs. The results demonstrate that the solder layer under the chips play the most
important role in transferring the heat out of the module, followed by the polyimide layer. On the
other hand, the effect of the epoxy layer is negligible. Therefore, from a thermal viewpoint,
special attention needs to be paid to any voids in the solder layer, since voids in epoxy will cause
no appreciable change in thermal performance. Also, the DBC bonding process provides an
almost perfect contact between the ceramic and the copper, and those interfaces can be safely
neglected at normal operating temperatures.
2. Passive Integrated Thermal Management Strategies. Passive cooling strategies are usually

cheaper than active cooling, and do not require any additional energy input during the operation
of the device. Several possibilities were explored for passive thermal management for IPEMs,
namely, the use of alternate ceramic materials, thickness of top copper trace, and structural
enhancements.
Ceramic Materials. The ceramic provides electrical isolation for the circuit and mechanical

support for the components in the electronic package. It also offers a conduction path for the heat
generated by the components in the package. The IPEM package uses ceramic as carrier for the
chips, and in the DBC layer. Although the use of high thermal conductivity ceramic is preferable
for better heat conduction, the studies show that the effect of increasing the thermal conductivity
of the DBC ceramic is more significant than that of increasing the conductivity of the ceramic
carrier. The DBC ceramic lies directly in the heat flow path between the heat sources and the
sink. It plays a role in transferring the heat from the sources to the sink and also spreading the
heat in lateral direction. On the other hand, the ceramic carrier is positioned in parallel with the
heat sources. The fraction of heat traveling from the sources to the ceramic carrier is small,
partially due to the extremely low thermal conductivity of the epoxy that separates the ceramic
carrier from the heat generating chips. Therefore, cost of using a high thermal conductivity
ceramic is only justified for the DBC ceramic layer.
85

Copper Metallization. The poor heat spreading on the metallization layer causes local hot-spots,

even though copper has a high thermal conductivity. On investigating if increasing metallization
thickness can improve thermal performance by facilitating heat spreading and reduction in hot
spots, the effect was found to be negligible and less than 0.2 °C change was observed for even 6x
increase in metallization. This decouples thermal performance from other selection criteria, and
the thickness can be optimized based on considerations such as current carrying capacity,
parasitics, thermo-mechanical stresses, fabrication and cost. Considering the practical bounds
imposed by electroplating process for metallization deposition, varying metallization thickness
between 0.25x – 6x (with 0.076 mm as the 1x base thickness) revealed that stresses in copper
metallization and silicon exhibit optimal value for 4x metallization thickness. This is because the
stresses in metallization are more sensitive to the thickness than the corresponding stresses in the
silicon chip that the metallization contacts. Therefore, copper metallization stresses can be
decreased significantly without significant increase in stresses in silicon. This was found true
despite the fact that the two IPEMs have a different interconnect pattern, thickness of the
polyimide layer, and thickness of the silicon chip.
Structural Enhancements. The idea behind structural enhancement is to provide an alternate

path for the heat to flow from the source to the sink. The main path is from the chips to the solder
layer underneath the chips, and then through the bottom DBC into the heat sink. Adding a copper
cap structural enhancement from the top metallization to the heat sink provides a parallel path for
heat flow (a DBC layer between metallization and copper cap structural enhancement is
necessary for electrical isolation). Using this approach achieved a 9 percent (3 °C) reduction in
temperature rise of the module. When a high thermal conductivity ceramic is used in the top
DBC, the temperature distribution remains virtually unchanged. This shows that addition of the
DBC between the top of the module and the structural enhancement is not a factor responsible for
the limited improvement in thermal performance when employing this top-side cooling approach.
Rather, the dominant resistance is due to the limited contact area available for the heat to flow
from the top side of the module to the bottom heat sink. This limitation due to surface area can be
relaxed by addition of another heat sink on the top side.
3. Active Thermal Management Strategies. Since the structure of the IPEM (as opposed to wire-

bond modules) provides opportunity for more uniform heat extraction by cooling from both the
top and the bottom sides, any cooling strategy must take advantage of this if possible. Using
aluminum heat sinks on top and bottom side provided a 28 and 26 percent decrease in
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temperature rise of Gen-I and Gen-II IPEM respectively. Previous work on PFC IPEM has shown
approximately 30 percent reduction in temperature rise using this approach. These results lend
credibility to the hypothesis that the limited 9 percent improvement using structural enhancement
is primarily due to limited contact area for the heat to flow from the top side to the bottom heat
sink. Having eliminated the resistance due to limited area by providing the top heat sink, the
dominant resistances to the heat extraction are now due to heat transfer coefficient, interface
materials, and limited contact area between the metallization and chip. We can further eliminate
the effect of interface materials and achieve very high heat transfer coefficients by integrating
microchannels directly into the structure of the IPEM.
A comparison between channels embedded in polyimide (directly on top of chips) and the
channels embedded in bottom copper layer of DBC revealed that any gains in thermal
performance that might be expected from the suitable location of polyimide channels are offset
by the very low thermal conductivity of the polyimide material (∼ 0.3 W/m-K). Therefore, as a
design rule, locating channels in polyimide layer is not feasible and high thermal conductivity
copper in DBC is a more feasible location. Based on analytical model of heat transfer in microchannels, several configurations were proposed in this study that employ microchannels in the
copper layer of the top and bottom DBC. The designs included multiple parallel channels in
copper as well as a high aspect ratio single wide microchannel. For a typical IPEM structure
dissipating on the order of 100 W of heat, it can be seen that single microchannel DBC heat sink
is preferable to multiple parallel channels under double-sided cooling configuration, considering
thermal performance, pressure drop and fabrication trade-offs.
The results of this dissertation directly support the efforts towards high density integration in
the field of power electronics. The better understanding of thermal behavior of integrated
electronic packages and the proposed thermal management strategies would enable packaging of
more electronic components in a smaller volume, and thus reduction in size of the modules.

8.2 Recommendations for Future Work
This section presents the recommendations for the continuation of this work and suggested
directions for future research.
1. Advanced Microchannel Cooling Technologies. Microchannels are attractive since they are
easily compatible with the shrinking size of the electronic packages. This research showed the
application of laminar flow in rectangular microchannels in an IPEM package with medium heat
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dissipation. As the heat dissipation increases, it would be of interest to study the microchannel
flow in turbulent regimes. Of particular interest is the study of transport equations that govern the
heat transfer and pressure drop with turbulent flow in microchannels, including the effect of
surface roughness. Another area of interest is the change of regime in microchannels from
laminar to turbulent, especially for very small channel diameters. For very high power
applications (> 1 kW), it may become necessary to move from a single-phase to two-phase fluid
flow in microchannels. Flow boiling can achieve up to ten times the heat transfer coefficient of
single-phase laminar flow, since the flowing coolant not only absorbs sensible thermal energy,
but also the latent heat of vaporization during change of phase. The choice of the appropriate
cooling technology for a particular application will depends on the power dissipation of the
circuit, pumping requirements, cost, etc.
2. Guidelines for thermo-mechanical stresses and better understanding of failure modes in
IPEMs. It has already been shown that the critical stresses in the IPEM occur at the interface

between the metallization and the silicon chip [41, 42]. Apart from metallization thickness, there
are other design parameters that can affect the stresses, such as the size and area of the copper
contact, thickness of silicon chip, thickness of polyimide layer, etc. These parameters need to be
investigated in detail to provide design guidelines for generating a practical design based on
thermo-mechanical stress considerations. Furthermore, experimental investigations (such as
temperature and power cycling tests) are needed to understand the failure modes in IPEMs, and
the relationship between the types of stresses generated and the failure modes.
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Appendix A: Thermal Couplings in I-DEAS Baseline Models
A1. Thermal Couplings in Baseline Gen-I IPEM Model
Thermal Boundary Conditions
--------------------------Number of thermal boundary

conditions:

Thermal Boundary Condition

Type

11

Value

FSF TCP

---------------------------------------------------------------------1 - IGBT 1

Heat Load

2.700E+01 W

No

Yes

2 - IGBT 2

Heat Load

2.700E+01 W

No

Yes

3 - DIODE 1

Heat Load

1.150E+00 W

No

Yes

4 - DIODE 2

Heat Load

1.150E+00 W

No

Yes

5 - DIODE 3

Heat Load

1.150E+00 W

No

Yes

6 - DIODE 4

Heat Load

1.150E+00 W

No

Yes

7 - DIODE 5

Heat Load

1.150E+00 W

No

Yes

8 - DIODE 6

Heat Load

1.150E+00 W

No

Yes

9 - DIODE 7

Heat Load

1.150E+00 W

No

Yes

10 - DIODE 8

Heat Load

1.150E+00 W

No

Yes

11 - CONV. BOTTOM

Convective

1.462E+03 W/m^2-C

No

No

----------------------------------------------------------------------

Thermal Couplings
----------------Number of thermal couplings:

43

Thermal Coupling

Type

Value

---------------------------------------------------------------------1 - DBC CERAMIC_DBC CU

Resistance

Primary Area:

1.315E-03 m^2

Secndry Area:

1.315E-03 m^2

2 - DBC CERMAIC TO GEL & TRACE

Resistance

Primary Area:

1.315E-03 m^2

Secndry Area:

1.315E-03 m^2

3 - GEL & TRACE TO CARRIER
Primary Area:

Resistance

1.202E-03 m^2
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1.000E-04

C/W

1.000E-04

C/W

1.000E-04

C/W

Secndry Area:

1.113E-03 m^2

4 - CARRIER TO TOP CU

Resistance

Primary Area:

1.113E-03 m^2

Secndry Area:

7.139E-04 m^2

5 - SIC 01 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

6 - SIC 02 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

7 - SIC 03 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

8 - SIC 04 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

9 - SIC 05 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

10 - SIC 06 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

11 - SIC 07 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

12 - SIC 08 TO DBC CU

Resistance

Primary Area:

1.960E-06 m^2

Secndry Area:

1.960E-06 m^2

13 - IGBT 01 TO DBC CU

Resistance

Primary Area:

4.343E-05 m^2

Secndry Area:

4.343E-05 m^2

14 - IGBT 02 TO DBC CU

Resistance

Primary Area:

4.343E-05 m^2

Secndry Area:

4.343E-05 m^2

15 - SIC 01 - EPOXY - CERAMIC

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

16 - SIC 02 - EPOXY - CARRIER

Resistance

94

3.500E-01

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

2.520E+00

C/W

9.700E-02

C/W

9.700E-02

C/W

4.900E+01

C/W

4.900E+01

C/W

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

17 - SIC 03 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

18 - SIC 04 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

19 - SIC 05 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

20 - SIC 06 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

21 - SIC 07 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

22 - SIC 08 - EPOXY - CARRIER

Resistance

Primary Area:

2.061E-06 m^2

Secndry Area:

5.080E-06 m^2

23 - IGBT 01 - EPOXY - CARRIER

Resistance

Primary Area:

1.803E-05 m^2

Secndry Area:

1.107E-05 m^2

24 - IGBT 02 - EPOXY - CARRIER

Resistance

Primary Area:

1.829E-05 m^2

Secndry Area:

1.107E-05 m^2

25 - HOLE 1

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

26 - HOLE 2

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

27 - HOLE 3

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.687E-06 m^2

28 - HOLE 4

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

95

4.900E+01

C/W

4.900E+01

C/W

4.900E+01

C/W

4.900E+01

C/W

4.900E+01

C/W

4.900E+01

C/W

1.231E+01

C/W

1.231E+01

C/W

8.000E+00

C/W

8.000E+00

C/W

8.000E+00

8.000E+00

C/W

C/W

29 - HOLE 5

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

30 - HOLE 6

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

31 - HOLE 7

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

32 - HOLE 8

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

33 - HOLE 9

Resistance

Primary Area:

1.125E-06 m^2

Secndry Area:

1.688E-06 m^2

34 - SIC 01 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

35 - SIC 02 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

36 - SIC 03 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

37 - SIC 04 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

38 - SIC 05 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

39 - SIC 06 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

40 - SIC 07 TO TOP CU

Resistance

Primary Area:

7.800E-07 m^2

Secndry Area:

7.071E-07 m^2

41 - SIC 08 TO TOP CU
Primary Area:

Resistance
7.800E-07 m^2

96

8.000E+00

C/W

8.000E+00

C/W

8.000E+00

C/W

8.000E+00

C/W

8.000E+00

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

2.450E-01

C/W

Secndry Area:

7.071E-07 m^2

42 - IGBT 01 TO TOP CU

Resistance

Primary Area:

5.880E-06 m^2

Secndry Area:

5.880E-06 m^2

43 - IGBT 02 TO TOP CU

Resistance

Primary Area:

5.880E-06 m^2

Secndry Area:

5.880E-06 m^2

3.300E-02

C/W

3.300E-02

C/W

----------------------------------------------------------------------

A2. Thermal Couplings in Baseline Gen-II IPEM Model
Thermal Boundary Conditions
---------------------------------------------------------------------Number of thermal boundary conditions:

Thermal Boundary Condition

Type

7

Value

FSF TCP

---------------------------------------------------------------------2 - SPREADER BOTTOM

Convective

2.385E+03 W/m^2-C

No

No

3 - DIODE 1

Heat Load

3.685E+00 W

No

Yes

4 - DIODE 2

Heat Load

3.685E+00 W

No

Yes

5 - DIODE 3

Heat Load

3.685E+00 W

No

Yes

6 - DIODE 4

Heat Load

3.685E+00 W

No

Yes

7 - IGBT 1

Heat Load

4.275E+01 W

No

Yes

8 - IGBT 2

Heat Load

4.275E+01 W

No

Yes

----------------------------------------------------------------------

Thermal Couplings
----------------Number of thermal couplings:

29

Thermal Coupling

Type

Value

---------------------------------------------------------------------1 - MODULE TO SPREADER

Resistance

Primary Area:

1.256E-03 m^2

Secndry Area:

1.256E-03 m^2

2 - DBC CU TO DBC CERAMIC

Resistance

Primary Area:

1.256E-03 m^2

Secndry Area:

1.256E-03 m^2
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3.900E-03

C/W

1.000E-05

C/W

3 - DBC TRACE TO DBC CERAMIC

Resistance

Primary Area:

6.072E-04 m^2

Secndry Area:

1.256E-03 m^2

4 - DIODE 1 TO DBC

Resistance

Primary Area:

5.108E-06 m^2

Secndry Area:

1.584E-04 m^2

5 - DIODE 2 TO DBC

Resistance

Primary Area:

5.108E-06 m^2

Secndry Area:

1.584E-04 m^2

6 - DIODE 3 TO DBC

Resistance

Primary Area:

5.108E-06 m^2

Secndry Area:

1.396E-04 m^2

7 - DIODE 4 TO DBC

Resistance

Primary Area:

5.108E-06 m^2

Secndry Area:

1.396E-04 m^2

8 - IGBT 1 TO DBC

Resistance

Primary Area:

2.606E-05 m^2

Secndry Area:

1.584E-04 m^2

9 - IGBT 2 TO DBC

Resistance

Primary Area:

2.606E-05 m^2

Secndry Area:

1.396E-04 m^2

10 - CAP 1 TO DBC

Resistance

Primary Area:

4.500E-05 m^2

Secndry Area:

2.209E-04 m^2

11 - CAP 2 TO DBC

Resistance

Primary Area:

4.500E-05 m^2

Secndry Area:

2.209E-04 m^2

12 - DIODE 1 TO CARRIER

Resistance

Primary Area:

3.327E-06 m^2

Secndry Area:

6.624E-06 m^2

13 - DIODE 2 TO CARRIER

Resistance

Primary Area:

3.327E-06 m^2

Secndry Area:

6.624E-06 m^2

14 - DIODE 3 TO CARRIER

Resistance

Primary Area:

3.327E-06 m^2

Secndry Area:

6.624E-06 m^2

15 - DIODE 4 TO CARRIER
Primary Area:

Resistance

3.327E-06 m^2

98

1.000E-05

C/W

3.489E-01

C/W

3.489E-01

C/W

3.489E-01

C/W

3.489E-01

C/W

1.573E-01

C/W

1.573E-01

C/W

5.900E-02

C/W

5.900E-02

C/W

7.178E+01

C/W

7.178E+01

C/W

7.178E+01

C/W

7.178E+01

C/W

Secndry Area:

6.624E-06 m^2

16 - IGBT 1 TO CARRIER

Resistance

Primary Area:

5.187E-06 m^2

Secndry Area:

1.241E-05 m^2

17 - IGBT 2 TO CARRIER

Resistance

Primary Area:

5.187E-06 m^2

Secndry Area:

1.241E-05 m^2

18 - CAP 1 TO CARRIER

Resistance

Primary Area:

9.800E-06 m^2

Secndry Area:

1.626E-05 m^2

19 - CAP 2 TO CARRIER

Resistance

Primary Area:

9.800E-06 m^2

Secndry Area:

1.624E-05 m^2

20 - TOP CU TO D1

Resistance

Primary Area:

1.591E-06 m^2

Secndry Area:

5.108E-06 m^2

21 - TOP CU TO D2

Resistance

Primary Area:

1.591E-06 m^2

Secndry Area:

5.108E-06 m^2

22 - TOP CU TO D3

Resistance

Primary Area:

1.591E-06 m^2

Secndry Area:

5.108E-06 m^2

23 - TOP CU TO D4

Resistance

Primary Area:

1.591E-06 m^2

Secndry Area:

5.108E-06 m^2

24 - TOP CU TO IGBT 1

Resistance

Primary Area:

2.876E-06 m^2

Secndry Area:

2.606E-05 m^2

25 - TOP CU TO IGBT 2

Resistance

Primary Area:

2.876E-06 m^2

Secndry Area:

2.606E-05 m^2

26 - TOP CU TO CAP 1

Resistance

Primary Area:

4.500E-06 m^2

Secndry Area:

4.500E-05 m^2

27 - TOP CU TO CAP 2

Resistance

Primary Area:

4.500E-06 m^2

Secndry Area:

4.500E-05 m^2

28 - POLYIMIDE TO CARRIER

Resistance
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4.060E+01

C/W

4.060E+01

C/W

2.743E+01

C/W

2.743E+01

C/W

1.089E-01

C/W

1.089E-01

C/W

1.089E-01

C/W

1.089E-01

C/W

6.690E-02

C/W

6.690E-02

C/W

4.280E-02

C/W

4.280E-02

C/W

1.000E-05

C/W

Primary Area:

1.076E-03 m^2

Secndry Area:

1.075E-03 m^2

29 - TOP CU TO POLYIMIDE

Resistance

Primary Area:

6.655E-04 m^2

Secndry Area:

1.076E-03 m^2
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1.000E-05

C/W

Appendix B: 4000Z Axial Outlet Fan Specifications
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Appendix C: Specifications for Liquid Cooling Module

Model

P/N:CL-W0052

Cooling System

Intelligent
Design

Tiny Liquid
Cooling Module
for VGA

Tiny Pump

VGA
Waterblock

Radiator

-8mm thickness
-Apply to nVIDIA
and ATi GPU
-Support up to
120 W for GPU
-Brazing copper
Waterblock
-Pure copper
designed
-Radiator with
copper tube

Maintenance free
for liquid
refilling

Coolant
Installation

102

-Fan
speed:1700,3000
RPM
-Noise
level:17,19 dB
-Fan speed
controller
included
-DC 12V
-45(L) x 38(W) x
25(H) mm
-Pump
speed:72L/hr,3400
RPM
-Life
expency:40,000
hours

10,000 hours

-Anti-freeze
-Anti-rusting
Plug into dual
PCI slot

Appendix D: MATLAB Code for Microchannel Heat Transfer
Model

D1. Thermal resistance, pressure drop and flow rate for laminar flow in
parallel rectangular channel

clear; clc;
hold on;
index = 1;
for i = 50: 1: 1000

L = 37.8 * (10^(-3)); % Length of the chip or heated area
W = 33.2 * (10^(-3));

% width of the chip and heated area

wc = 300 * (10^(-6));
ww =

wc;

z = i * (10^(-6));
n = (W/(wc + ww));
ar = wc/z;

Nu_H1 = Nusselt_H1(wc,z);
Nu_H2 = Nusselt_H2(wc,z);

Dh = 4 * wc * z/(wc + wc+ z + z);
mu =

542.7 * (10^(-6));

% viscocity of water at 50 C

cp =

4181.3;

% specific heat of water at 50 C

rho =

987.9;

% density of water at 50 C

rho_cp = rho * cp;
kf = 643.15 * (10^(-3));
kw = 395;

% thermal conductivity of water at 50 C
% thermal conductivity of copper

N = z * sqrt(2 * Nu_H2 * kf/(kw * wc * z));
eta = (tanh(N))/N;

theta_conv_wc = Dh/(n * wc * L * Nu_H1 * kf);
theta_conv_z =

Dh/(2 * n * z * L * Nu_H2 * kf * eta);
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theta_conv = (theta_conv_wc * theta_conv_z) / (theta_conv_wc +
theta_conv_z);

if(ar > 1) ar = (1/ar); end
Po = 24 * (1 - 1.3553 * ar + 1.9467 * ar^2 - 1.7012 * ar^3 + .9564 *
ar^4 - .2537 * ar^5);
um = 2100 * mu/(rho * Dh);
flow_rate = um * n * wc * z;
del_P = 2 * Po * mu * um * L/(Dh * Dh);
theta_heat = 1/(rho_cp * flow_rate);
theta = theta_conv + theta_heat;

pressure_array(index) = del_P/1000;
theta_array(index) = theta;
flow_array(index) = flow_rate * 1000000;
array(index) = z * 10^6;
index = index + 1;

end
subplot(2,1,1), plot(array, theta_array,'--');
subplot(2,1,2), plot(array, pressure_array,'--');

------------------------------------------------------------------------------------------------------------------function NUH1 = Nusselt_H1(width,height)

array =

[ 0

0.0

8.235;

0.1

.538 7.248;

0.2

.964 6.561;

0.3

1.312

5.997;

0.4

1.604

5.555;

0.5

1.854

5.203;

0.7

2.263

4.662;

1.0

2.712

4.094;
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2.0

3.539

2.947;

2.5

3.777

2.598;

5

4.411

1.664;

10

4.851

0.975;

];

r =

width/height;

if (r < 0.0 ) NUH1

= -1;

elseif (r > 10) NUH1

= 5.385;

else
i = 1;
while ((i <= 12) && (array(i,1) < r)) i = i + 1;

if(array(i,1) == r)

end;

NUH1 = array(i,2);

else NUH1 = array(i-1,2) + (((array(i,2) - array(i-1,2) ) / (array(i,1)
- array(i-1,1))) * (r - array(i-1,1))) ;
end;
end;

----------------------------------------------------------------------function NUH2 = Nusselt_H2(width,height)

array =

[ 0

0.0

8.235;

0.1

.538 7.248;

0.2

.964 6.561;

0.3

1.312

5.997;

0.4

1.604

5.555;

0.5

1.854

5.203;
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0.7

2.263

4.662;

1.0

2.712

4.094;

2.0

3.539

2.947;

2.5

3.777

2.598;

5

4.411

1.664;

10

4.851

0.975;

];

r =

width/height;

if (r < 0.0) NUH2

= -1;

elseif (r > 10.0) NUH2

= 0;

else
i = 1;
while ((i <= 12) && (array(i,1) < r)) i = i + 1;
end;

if(array(i,1) == r)

NUH2 = array(i,3);

else NUH2 = array(i-1,3) + (((array(i,3) - array(i-1,3) ) / (array(i,1)
- array(i-1,1))) * (r - array(i-1,1))) ;
end;
end;

D2. Thermal resistance, pressure drop and flow rate for laminar flow in
single rectangular channel

clear; clc; hold on;
index = 1;
for i = 50: 1: 1000
L = 37.8 * (10^(-3)); % Length of the chip or heated area
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W = 33.2 * (10^(-3));

% width of the chip and heated area

z = i * (10^(-6));
ar = W/z;
Dh = 4 * W * z/(W + W + z + z);
mu =

542.7 * (10^(-6));

% viscocity of water at 50 C

cp =

4181.3;

% specific heat of water at 50 C

rho =

987.9;

% density of water at 50 C

rho_cp = rho * cp;
kf = 643.15 * (10^(-3));
kw = 395;

% thermal conductivity of water at 50 C
% thermal conductivity of copper

if(ar > 1) ar = (1/ar); end
Po = 24 * (1 - 1.3553 * ar + 1.9467 * ar^2 - 1.7012 * ar^3 + .9564 *
ar^4 - .2537 * ar^5);
um = 2100 * mu/(rho * Dh);
flow_rate = um * W * z;
del_P = 2 * Po * mu * um * L/(Dh * Dh);
theta_heat = 1/(rho_cp * flow_rate);
theta_conv_single = (4 * W * z ) / ((z + z + W + W) *(L * W * kf *
5.385)); % for a single channel
theta = theta_conv_single + theta_heat;
pressure_array(index) = del_P/1000;
flow_array(index) = flow_rate * 1000000;
theta_array(index) = theta;
array(index) = z * 10^6;
ndex = index + 1;
end
subplot(2,1,1), plot(array, theta_array,'--');
subplot(2,1,2), plot(array, flow_array,'--');
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